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The objectives in this research were to assess whether Klebsiella planticola 
SDF20 could survive in soil and result in ecological effects to soil foodweb 
organisms and plant growth.  Four experiments were conducted using soil 
microcosms.  Klebsiella planticola SDF20 has been genetically engineered to 
produce  ethanol  from  agricultural  waste  for  use  in  alternative  fuels. 
Theoretically, after ethanol is removed from fermentors, the remaining residue 
that includes SDF20 would be spread onto crop fields as organic amendments. 
The parent strain SDF15 and genetically engineered strain SDF20 were added 
to sandy and clay soils with varying organic matter content.  Alterations to soil 
foodweb organisms and plant growth were assessed using direct  methods. 
These alterations were considered to be ecological effects if changes in  nutrient 
cycling processes and plant growth would result.  Ethanol produced by SDF20 
was detected in the headspace of microcosms that demonstrated that SDF20 
Redacted for Privacycan survive and express its novel function in high organic matter clay soil.  Soil 
containing higher organic matter and higher clay content may have increased 
the survival of SDF20 due to less competition with indigenous microbiota for 
substrates and protection from bacterial predators in clay soil with smaller pore 
sizes, thereby allowing SDF20 to produce a detectable concentration of ethanol. 
Significant changes to soil foodweb organisms were not detected using this soil 
type.  However, significant  increases  in  soil  nematodes and significant 
decreases in vescular-arbuscular mycorrhizal colonization of plant roots were 
detected after the addition of SDF20 to low organic matter clay, low organic 
matter sandy and high organic matter sandy soils.  Significant changes in soil 
foodweb organisms associated with SDF20 occurred only when living plant roots 
were present. This indicated the importance of having biotic interactions in test 
systems to elucidate ecological effects.  The effects associated with SDF20 
varied with the chemical, physical and biological properties of soils and indicated 
the  importance  of  assessing  the  release  of  genetically  engineered 
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Chapter 1. Introduction 
1.1 Focus of research project 
One major concern about the  release  of  genetically  engineered 
microorganisms (GEMs) into natural environments centers around ecological 
effects that might occur.  The focus of this research project was to assess 
ecological effects associated with the addition of a GEM to soil by monitoring 
soil foodweb organisms.  Ecological effects are considered to be significant 
alterations of soil foodweb organisms and plant growth that could be either 
beneficial or detrimental to nutrient cycling processes within an ecosystem, and 
ultimately plant growth. This research also assessed whether ecological effects 
associated with a GEM can be evaluated by monitoring five components of the 
soil foodweb and plant growth. Primary producers, decomposers, predators and 
symbionts within the soil foodweb community were monitored following the 
addition  of  genetically  engineered  Klebsiella  planticola  SDF20 to  soil 
microcosms and ecological effects were assessed (Figure 1.1). 2 
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Figure 1.1: Microbial components of the soil foodweb that were monitored to 
assess ecological effects after the addition of Klebsiella planticola SDF20 to soil. 
The functional  roles  of  soil  foodweb organisms such as nutrient 
immobilization and organic matter decomposition by bacteria and fungi, nutrient 
mineralization by protozoa and nematodes, and nutrient uptake in plants by 
mycorrhizal fungi are becoming well understood (Paul and Clark 1989, Ingham 
1986, Mullen and Schmidt 1993, Killham 1994, Ingham et al. 1985, Ingham et al. 
1986, Hunt et al. 1987).  For example, bacterial and fungal-feeders regulate 
nitrogen mineralization processes by their grazing activity and thus release 3 
I nitrogen immobilized  in  bacteria and fungal biomass.  predict that the 
ecological  significance  of GEM associated  effects can be assessed by 
comparing changes in the foodweb community with the parent and control 
treatments. 
1.2 Objectives and hypotheses 
One potential risk of biotechnology products is that GEMs will produce a 
biologically toxic substance, such as ethanol and result in adverse effects when 
accidentally or deliberately released into the environment. Spreading untreated, 
fermentation waste onto agronomic fields as organic amendment would result in 
large scale release of K. planticola SDF20. The objectives in chapter 2 were to 
characterize the growth of K. planticola strains (GEM and parent) in aerobic, 
facultatively anaerobic, and anaerobic culture conditions; and to assess the 
production of ethanol by SDF20 in liquid culture and soils.  If SDF20 does not 
express its novel function after being released into competitive environments to 
the same degree as in axenic cultures, the addition of SDF20 to agronomic fields 
in fermentation waste may not pose a risk to ecosystems. The first hypothesis 
was: if genetically engineered K. planticola SDF20 could survive and produce 
ethanol in  soil, then negative effects to soil foodweb organisms will occur 
because this modified soil bacterium is capable of competing with indigenous 
microbiota, persisting in soil environments thereby resulting in ecological effects. 4 
The survival of GEMs is influenced by physical, chemical and biological 
properties in soil such as clay content, organic matter content and carbon inputs 
(Gilbert et al. 1993, Trevors and Grange 1992, Richaume et al. 1992). However, 
the influence of soil properties on ecological effects associated with GEM-
additions has not been evaluated across several trophic levels within the soil 
foodweb using direct measurements of microbial activity.  The objectives in 
chapters 3, 4, and 5 were to determine whether biological, chemical and physical 
properties of soil alter the ecological effects triggered when SDF20 was added to 
sandy-grassland and clay-agricultural soils. 
The second hypothesis was: if SDF20 was added to sandy-grassland soil 
with and without plant roots, the survival of SDF20 in soil with plant roots will 
increase because root exudation adds readily available carbon to soil and 
increase the survival of introduced bacteria as previously described by Gilbert et 
a/. (1993). Increased survival of SDF20 in soil with plant roots will result in more 
effects that are ecologically significant than the addition of SDF20 to soil without 
plant roots because introduced bacteria will persist longer and increase the 
potential for effects to occur in soil with plant roots. 
The third hypothesis was: if SDF20 was added to soil with high organic 
matter and high clay content, then the number of effects associated with SDF20­
additions will increase because 1) increase of carbon substrates in high organic 
matter soil and 2) more protective microsites in high clay soil will increase the 
survival of SDF20. In addition, more anaerobic microsites in soil with high clay 5 
content are predicted to increase the production of ethanol by SDF20 and result 
in more ecological effects associated with the SDF20-addition. 
Klebsiella planticola  SDF20 was selected for this ecological assessment 
study because SDF20 has been genetically engineered from a soil bacterium 
commonly found in the rhizosphere of plant roots and therefore has a good 
chance of surviving in soil and significantly altering the soil foodweb community. 
If released into agricultural fields, SDF20 might survive in the soil root zone and 
produce ethanol that could reduce plant growth (Jones 1989). However, causes 
over and above the production of ethanol might result in beneficial or detrimental 
effects due to the interaction of soil organisms with introduced bacteria. 
Potential endpoints for measuring beneficial and detrimental effects are outlined 
based on information that can be obtained from direct analysis of soil foodweb 
organisms (Table 1.1). 6 
Table 1.1: Potential assessment endpoints that can be monitored to determine 
beneficial and negative effects after the addition of SDF20 to soil. 
Individual  Community 
active and total biomass  species richness 
colonization rate  species diversity 
survival and growth  trophic level 
gene expression  functional group 
Population  Ecosystem 
abundance  biomass 
occurrence  nutrient cycling 
density  soil foodweb structure 
function role  ecosystem health 
1.3 Construction of the parent (SDF15) and GEM (SDF20) strains 
The genus Klebsiella consists of four species, K. pneumoniae, K. oxytoca, 
K. terrigena and K. planticola. Members of the genus Klebsiella are classified as 
Gram-negative, non-sporulating,  enteric bacteria (Bergey's Manual 1984). 
While most species of Klebsiella inhabit the intestinal tracts of animals, K. 7 
planticola (type strain V-236) inhabits plant, soil and aquatic environments 
(Bagley et al. 1981) 
Klebsiella planticola strains SDF15 (parent) and SDF20 (GEM) were 
obtained from Sigrun Feldmann (Institut fur Biotechnologie, Federal Republic of 
Germany) for assessing ecological effects after the addition of SDF20 to soil. A 
naturally occurring strain of K. planticola that lacks organic acid production and 
defective in producing pyruvate-formate-lyase (pfl) enzyme was isolated by 
Feldmann et al. (1989).  This K. planticola mutant (SDF2) was infected with 
hybrid Mu pf7701 lysate that encodes kanamycin resistance (KmR), followed by 
enrichment with nalidixic acid to construct the parent strain SDF15 (Figure 1.2). 
In comparison with the wild-type strain of K. planticola (2.3 U mg-1), the pfl 
enzyme activity of the parent (0.04 U mg-1) was greatly reduced, thus the parent 
strain produced less metabolic end products such as formate and acetate that 
become toxic and inhibitory to growth (Feldmann et al. 1989, Tolan and Finn 
1987). 
A pyruvate-decarboxylase gene (pdc) that originated from Zymomonas 
mobilis ZM6, and harbored  in a plasmid (pZM15) that also encodes for 
chloramphenicol resistance (CmR), was maintained in Escherichia coli S171-1 
(Feldmann et al.  1989).  In conjunction with alcohol dehydrogenase (adh), 
pyruvate decarboxylase enables Zymomonas bacteria to produce nearly 2 moles 
ethanol per 1  mole glucose (Binger-Meyer et al.  1986).  The pZM15 was 
transferred into the parent strain by conjugation with E. coll. Transconjugants of 8 
the parent strain yield genetically engineered K. planticola strain SDF2O (pdc+, 
KmR, CmR) harboring pZM15 (Figure 1.2). 
V-236, ATCC #33531 
Mu pf7701, KmR 
SDF15, pfl -, KmR 
pZM15, pdc+, CmR 
SDF20, pdc+, KmR, CmR 
Figure 1.2: Construction of genetically engineered Klebsiella planticola SDF2O to 
produce ethanol via the pdc-adh pathway (adapted from Bagley et al. 1981, 
Feldmann et al. 1989). 9 
The recombinant strain SDF20 expressed higher pdc enzyme activity 
(1.85 U mg-1) than does Z. mobilis (1.15 U mg-1) and the parent strain SDF15 
(0.0 U mg-1). Anaerobic growth of SDF20 on 1% to 10% xylose produced up to 
400 mM ethanol, which totaled 83% of the maximal theoretical yield and lower 
accumulation of toxic end-products. This made SDF20 an attractive system for 
commercial ethanol production because the pyruvate-decarboxylase enzyme 
originating from Z. mobilis channels 95% of carbon substrate to ethanol and 
CO2 (Feldmann et al. 1989). 
1.4 The potential hazards of ethanol production by SDF20 
Genetically engineered microorganisms like  K. planticola SDF20 are 
important for meeting the demand for alternative fuel that is expected to 
preserve environmental quality by reducing toxic emissions into the atmosphere 
from automobile exhaust. Transgenic bacteria engineered for rapid and efficient 
ethanol production via the pyruvate decarboxylase-alcohol dehydrogenase (pdc­
adh) pathway are attractive for commercial ethanol production (Tolan and Finn 
1987, Brau and Sahm 1986). Only a handful of bacteria species are known to 
possess the pdc-adh pathway for ethanol production. Zymomonas mobilis has 
the most active pdc system of bacteria species but is incapable of utilizing 
pentose sugars (e.g., xylose) that are commonly found in plant biomass (Tolan 
and Finn 1987). 10 
Biological  principles  for the  effect  of ethanol on  bacterial,  fungal 
protozoan and plant cells are extensively reviewed by Jones (1989).  The 
microbial and plant components of soil foodwebs will be negatively affected if K. 
planticola SDF20 produces similar amounts ethanol  in  soil as previously 
measured in liquid culture (7 g1-1) by Feldmann et al. (1989).  Some gram-
negative bacteria such as Pseudomonas spp. are intolerant of ethanol (5  0-1) 
added to broth medium, while gram-positive bacteria such as Bacillus spp. are 
tolerant of higher ethanol concentrations (40-400 g1-1).  Ethanol tolerance by 
gram-positive bacteria is achieved by increasing the amount of unsaturated fatty 
acids in cell membranes that maintains a fluid membrane for cell processes 
(Jones 1989).  Some gram-positive bacteria such as Lactobacillus sp. can 
-1 
sustain growth in 400 gl  of ethanol (Jones 1989). 
If fermentation residues are spread onto agronomic fields as an organic 
amendment, then it is important to determine whether K. planticola SDF20 could 
survive and produce ethanol in soil, as investigated in chapter 2.  Ethanol 
production by SDF20 in soil might result in negative or beneficial effects to soil 
foodweb organisms. Ethanol effects associated with SDF20 in this research are 
predicted to alter the way that nutrients are retained in soil and the way nutrients 
become available to plants through biological interactions occurring within the 
soil foodweb community (Table 1.2). 
For example, when onion root tips are exposed to ethanol (10  g1-1) cell 
membrane permeability increases, and results in  anti-mitotic effects (Jones 11 
1989).  This ethanol effect that damages plant roots would reduce microbial 
activity by reducing carbon inputs (i.e., root exudates) into the soil and therefore 
reduce nutrient cycling processes near plant root surfaces (Charholm 1985). 
Ethanol damage to plant symbionts such as vesicular-arbuscufar mycorrhizal 
(VAM) fungi and N-fixing bacteria could reduce nutrient uptake by plants and 
therefore reduce plant growth. 
The growth and cell size of gram-negative bacteria such as Klebsiella 
aerobenes and Pseudomonas spp. decreases linearly beginning at 5 gl  of 
ethanol in liquid culture (Jones 1989, Ingram 1986). Abnormal mitotic divisions 
in soil fungi such as Aspergillus sp. occurred at 15 gl
-1  of ethanol.  Ethanol 
damage to cell membranes of intolerant fungi may result in the leakage of 
magnesium and nucleotides from cells, that are primarily responsible for the 
inhibition of fermentation in yeast cells (Ingram 1986). This evidence suggested 
that ethanol effects on soil bacteria and fungi could increase or decrease the 
incidence of soilborne disease in plants by altering microbial communities that 
function as biocontrol agents (Schroth et al. 1984), reduce nutrient retention in 
soil and increase leaching of nutrients from soil by lowering microbial biomass 
(Hunt et al. 1987). 
Higher trophic levels within soil foodwebs such as flagellates, amoebae, 
ciliates and nematodes are also important to nutrient cycling processes and 
plant growth (Killham 1994, Ingham et al. 1989, Hunt et al. 1987).  Low to 
intermediate concentrations of ethanol (15-25 g1-1) reduce locomotion and lower 12 
the ability of amoebae (Amoebae proteus) to attach to surfaces (Jones 1989). 
The effect of ethanol on soil nematodes has not been investigated however 
negative effects on prey species such as soil bacteria and fungi are expected to 
result in negative effects on bacterial-feeding and fungal-feeding nematode 
species. 
Table 1.2: Functional roles of soil foodweb organisms (SFOs) and the potential 
effects associated with the addition of SDF20 (adapted from Ingham et al. 1985, 
1986, 1989, Hunt et al. 1987). 
SFOs  Ecological Importance  Potential Beneficial and 
Negative Effects 
plant roots  organic inputs to soil, soil chemistry; 
soil structure 
reduce microbial activity, 
reduce plant growth 
bacteria 
and fungi 
decomposition labile and recalcitrant 
carbon (respectively), plant 
pathogens, plant symbiont, N 
retention 
change in disease 
incidence, change in 
nutrient retention and 
leaching in soil 
VAM fungi  nutrient uptake directly to plants; 
competition for root space; disease 
resistance; drought tolerance 
reduce plant growth, 
lower drought tolerance, 
higher disease incidence 
protozoa  N-mineralization, turnover of microbial 
biomass 
lower N availability, lower 
microbial activity 
nematodes  N-mineralization, turnover of microbial 
biomass, plant pathogens, keystone 
predators 
lower N availability, lower 
microbial activity, change 
in disease incidence 13 
1.5 The survival of GEMs in natural environments 
The survival of GEMs in  soil  relies on the ability of the introduced 
organism to adapt and colonize space within a competitive environment (Fisher 
and Briggs 1988).  The physical characteristics of soil directly influence the 
survival of introduced bacteria (Huysman and Verstraete 1993, Richaume et al. 
1992).  In this research project, K. planticola SDF20 was added to sandy-
grassland and clay-agricultural soils to investigate the influence of some 
physical characteristics on the survival  of SDF20 and ecological  effects 
associated with this GEM. The survival of GEMs in this research is defined as 
the ability of the introduced bacterium to persist in a dormant, metabolically 
active or moribund state at some detectable population density. 
Clay-sized particles may enhance the survival of introduced bacteria by 
modification of soil pores (van Elsas et al. 1990). In general, introduced bacteria 
survive better in heavier-textured soils than lighter-textured soils. An increase in 
clay content results in an increase in smaller size pores that are important 
niches for bacteria to escape predation and desiccation. Heavier-textured soils 
with high clay content contain more "biologically available niches" that enhance 
survival and plasmid stability of GEMs (van Elsas et al. 1989). For example, the 
number of surviving cells of isogenic, Pseudomonas strains introduced to soil 
appeared dependent on early colonization of similar niches along with the 
hierarchy of fitness among Pseudomonas species (Al-Achi et al. 1991).  Early 14 
colonization of soil particles by introduced bacteria also reduces predation by 
bacterivorous species as compared to bacteria suspended in the thin-water film 
around soil particles (Bamforth 1985). 
Soil factors such as temperature, pH, clay content and organic matter 
content affect the survival of GEMs by influencing the surface charge on 
bacterial  cell  walls,  thereby  influencing  the  absorption  and  desorption 
characteristics of introduced bacteria (Fisher and Briggs 1988). Killham (1994) 
suggested that scientists might place too great an ecological significance on the 
correlation between bacterial survival and specific soil characteristics such as 
soil pH because of adaptive characteristics of bacteria in natural environments. 
High clay and organic matter content in soil can increase absorption, while high 
temperature, soil moisture and pH; and low clay and organic matter increase 
desorption  of  introduced  bacteria  to  soil  particles.  The different  soil 
characteristics in sandy-grassland versus clay-agricultural soils used in this 
research are expected to influence the survival rates of K. planticola SDF20 and 
biological interactions with indigenous soil biota. 
The survival of GEMs in natural environments also depends on their 
ability to adhere to soil particles in protective niches and avoid prolonged 
exposure to bacterial predators while suspended in soil water just  following 
inoculation.  The important characteristics of bacterial cells that determine 
adhesion or colonization of solid surfaces are hydrophobicity, cell surface 
charge and the presence of extracellular structures such as polysaccharides and 15 
flagella (Huysman and Verstraete 1993). Some bacteria may change cell wall 
characteristics in different nutrient conditions to increase survival. The cell wall 
characteristics of bacteria can also determine their palatability to bacterial 
predators that can increase or decrease bacteria survival (Austin et al. 1990, 
England et al. 1993).  As stated by van Elsas (1992), "the homeostatic and 
biostatic nature of soil are natural mechanisms that control the survival, and 
therefore the population-size of bacteria." 
Determining the survival rate of introduced bacteria often  relies on 
distinguishing the inoculated bacterium from indigenous bacteria using antibiotic 
resistance genes encoded in chromosomal or plasmid DNA.  An important 
consideration for the survival and performance of GEMs like SDF20 is its ability 
to retain the plasmid that encodes novel traits.  Klebsiella planticola SDF20 cells 
that do not retain pZM15 will not be detected when soil dilutions are spread onto 
a selective medium amended with chloroamphenicol and would result  in 
underestimates of bacteria survival. 
Another ecological question beyond the survival of GEMs is the transfer 
of novel genes from engineered organisms to other species in nature (Amabile-
Cuevas and Chicurel 1993).  Richaume et al. (1992) demonstrated that soils 
containing plant roots, high clay minerals, high organic matter and high soil pH 
increased plasmid RP4p transfer from Pseudomonas flourescens to introduced 
recipient cells and indigenous bacteria. The highest number of transconjugants 
was recovered from Flevo and Montrond silt loam soils which  contained the 16 
highest clay (26-31%) and organic matter content (4.1-4.8%) of the four soils 
tested.  Genetically engineered Pseudomonas fluorescens RP4p and recipient 
R2fN were introduced into four different soil types at log 7.0 cfu gdw-1 of soil 
(Richaume et al. 1992).  The number of transconjugant R2fN cells recovered 
from rhizosphere soil ranged from log 2 to log 4.8 cfu gdw-1 soil. The number of 
transconjugant indigenous microorganisms recovered from rhizosphere soil 
ranged from 2.5 to 4.0 cfu gdw-1 soil. 
Van Elsas et al.  (1989 1990) also showed that RP4p was readily 
transferred in wheat rhizosphere between pseudomonads introduced into soil. 
The number of transconjugant R2fN cells recovered from rhizosphere soil 
ranged from log 2.5 to log 3.8 cfu gdw-1 soil (Van Elsas et al. 1990).  Genetic 
exchange between the introduced and resident organisms was stimulated under 
the influence of wheat roots.  Root exudates stimulate bacterial activity and 
increase nutrient availability as well as water flow towards roots, which favors 
cell-to-cell contact and gene transfer by conjugation. 
1.6 Classification of soil foodwebs 
Descriptions of foodwebs are based on 1) connectedness, 2) energy flux 
and 3) function (Paine 1980).  Connectedness descriptions are graphical 
representations of the foodweb that are constructed by identifying resources and 
consumers with directional vectors to represent the transfer of matter (Moore 17 
and de Ruiter 1991). The stability of model foodwebs is expressed in terms of 
diversity (S), connectance (C) and interaction strength (i) (May 1972).  Recent 
studies used this limit [i(SC)1/2], to compare the connectedness of different 
foodwebs from a number of habitats. The results are consistent with theoretical 
predictions that connectance declines as diversity increases (Moore and de 
Ruiter 1991). The power of using connectedness analysis for soil foodwebs is 
its simplicity and applicability to any foodweb. Three important weaknesses are 
1) the assumption that  all species and feeding interactions are equal, 2) 
incomplete descriptions  of the  relationship among characteristics  of the 
connectedness structure (diversity vs. complexity), and 3) the scale of resolution 
differs among connectedness descriptions. 
Energy flux descriptions of soil foodwebs attempt to quantify the amount 
of energy or matter within each species and the amounts each group processes. 
This requires detailed information on the physiology and behavior of species 
flow that might not be available in the literature for some functional groups in soil 
foodwebs to adequately estimate energy (Hunt et al. 1987, Ingham et al. 1985). 
The power of the energy flux approach is  it allows for studies of a particular 
system's dynamics (Moore and de Ruiter 1991).  For example, in a study on 
nitrogen flow through a belowground foodweb, decomposers were separated 
from one another at middle trophic positions, but were linked by top predators, 
death and decomposition (Hunt et al. 1987). One negative aspect of energy flux 18 
descriptions is that a strict description may be "biomass biased" by foodweb 
components and vectors that comprise the dominant energy flows (Paine 1980). 
Functional descriptions of soil foodwebs emphasize the degree that each 
species within the web affects the abundance and population dynamics of other 
species, and the transfer of matter within the web. These descriptions are a 
more operational than quantitative representation of the soil foodweb.  A 
functional description uses information from the foodweb architecture and thp 
direction of energy flow to assess the relative importance of species interactions 
for community stability.  The success of this approach relies on knowledge of 
species systematics so that organisms with similar food sources, feeding modes, 
life histories and habitat can be assigned to function groups (Moore and de 
Ruiter 1991). Functional descriptions can be used to depict the architecture or 
patterns of mass flow in foodwebs for assessing the degree to which functional 
groups regulate and are regulated.  This includes the ability to identify indirect 
effects and feedback mechanisms among functional groups. 
1.7 Soil foodweb organisms 
Some ecological consequences of alterations to soil foodweb organisms 
and plant growth after the addition of SDF20 to soil can be determined with 
direct measurements of microbial activity (see Table 1.2).  Changes in soil 
foodweb organisms that would significantly alter nutrient cycling processes and 19 
plant growth are considered to be ecologically significant and therefore an 
ecological effect based on functional descriptions of soil foodweb organisms 
(Ingham et al. 1986, 1989, 1991). The assessment of soil foodweb organisms of 
known ecological significance with direct methods is predicted to delineate 
between GEM-effects that, while statistically significant might not be ecologically 
significant, and substantial effects that might result in long-term changes that are 
considered to be ecologically significant. 
1.7.1 Bacteria 
Bacteria are prokaryotes and the most numerous microorganisms in soil 
(Killham 1994, Brussaard and Kooistra 1993, Lynch 1990, Paul and Clark 1989, 
Stolp 1988). Soil bacteria are generally 1-2 pm long and 0.5-1 pm in diameter, 
and may be rod shaped (bacillus), spherical (coccus), helical (spirillum), or S-
shape (vibrio).  Arthrobacter is generally the most prolific, and along with 
Pseudomonas and Bacillus, dominate the bacterial population of most soils 
(Killham 1994). Gram-negative bacteria include spirilla, most non-spore-forming 
rods with peritrichous flagella, and all non-spore-forming rods with polar flagella. 
The gram-positive bacteria include all the Actinomycetes and most spore-
forming rods. 
Soil  bacteria  have  many  functions  in  ecosystem  processes. 
Decomposition of animal, plant and microbial residues is carried out by the 20 
heterotrophic bacteria that are the most numerous in  soil.  Their substrate 
utilization varies greatly (Killham 1994). Most known bacterial species in soil are 
chemoorganotrophic, and commonly referred to as heterotrophs (Paul and Clark 
1989).  Chemotrophic  bacteria  in  soil  largely  consist  of  the  nitrifiers 
(Nitrosomonas and NitrobacteO and, to a lesser extent, the sulphur oxidizers 
(Thiobacillus).  Non-symbiotic  nitrogen  fixation  may be  carried  out  by 
heterotrophic bacteria such as Azobacter, Clostridium, Bacillus (Killham 1994) 
and Klebsiella planticola strains (Paul and Clark 1989).  In addition, more recent 
evidence indicates that soil bacteria function to immobilize nutrients and reduce 
the loss of nutrients from the soil root-zone (Ingham et al. 1986). 
The  physiological  groupings  for  bacteria  are  autochthonous and 
zymogenous.  Autochthonous bacteria are slow growing in soils containing 
easily oxidizable substrate. Zymogenous bacteria show bursts of activity when 
fresh residues are added to soil (Paul and Clark 1989).  Gilbert et al. (1993) 
found that bacteria isolated from the rhizosphere use a wide range of simple 
carbon  sources,  but do  not  degrade complex carbon  sources as do 
autochtonous bacteria in bulk soil.  Bacteria in soil without plants may be 
metabolically starved and slow growing, while bacteria in the rhizosphere may 
undergo periods of fast growth.  Therefore, the survival of introduced GEM 
bacteria was assessed in soil with and without plant roots because carbon inputs 
from plant roots might improve the growth of SDF20 in  competitive soil 
environments. 21 
1.7.2 Fungi 
Soil fungi are eukaryotic organisms comprised of mycelium, rhizomorphs 
or extra-matrical hyphae (Killham 1994). A typical fungal hypha may be 2-10 vt 
m in diameter. Most soil fungi are heterotrophic aerobes, except for yeasts that 
grow in anaerobic conditions.  In limited nutrient conditions, a fungal hypha 
grows in one direction until reaching an available substrate, upon which the 
hypha branches and proliferates in many directions (St. John et al. 1983b, 
Killham 1994). 
Although  soil  fungi function as plant symbionts,  plant and animal 
pathogens, and carnivores, one of the most important ecological roles of soil 
fungi is decomposition of soil organic matter ranging from simple sugars and 
amino acids to recalcitrant polymers such as lignin and complex humic acids 
(Paul  and Clark  1989).  Because  of  their  higher acid  tolerance,  the 
decomposition of soil organic matter in more acid forest soils is predominately a 
fungal process (Ingham and Molina 1991). However, fungal biomass may also 
dominate non-acid, grassland soils (Ingham et al. 1985, Ingham et al. 1986). 
Soil fungi immobilize nutrients and reduce the loss of nutrients from the root-
zone that is similar in function to heterotrophic bacteria. 
The soil fungi are divided into four subgroups based on morphological 
and reproductive characteristics.  Zygomycetes are termed "sugar" fungi 
because of their utilization of a wide range of carbohydrates (Paul and Clark 22 
1989). Taxonomic characteristics that distinguish Zygomycetes are coenocytic 
hyphae (i.e., aseptate), asexual sporangiospores and thick-walled zygospores. 
Soil fungi that are Zygomycetes include Mucor and Rhizopus spp. Zygomycetes 
also include endomycorrhizal fungi such as Glomus, Gigaspora and Acaulospora 
spp. 
Ascomycetes and Basidiomycetes are termed "higher" fungi because of 
their more complex lifecycles.  Ascomycete fungi are distinguished by sexual 
production of ascospores enclosed in an ascus (sac). The fruiting bodies and 
vegetative mycelium of ascomycetes are important components of soil foodwebs 
in  forest ecosystems (e.g.,  yeast,  morels,  truffles and cup fungi).  The 
Basidiomycetes are distinguished by sexual production of basidiospores on a 
specialized basidium.  The fruiting bodies and vegetative mycelium of soil 
basidiomycetes (e.g., mushrooms) are also essential  in  the functioning of 
temperate forest ecosystems (Ingham and Molina 1991). 
Deutromycetes are termed "imperfect" fungi because they lack sexual 
reproduction.  Canidiospores are produced asexually from vegetative hyphae. 
Most deutromycetes in soil are saprophytic, but may also be parasitic on other 
fungi, higher plants, and animals (Paul and Clark 1989). 23 
1.7.3 Vesicular-arbuscular mycorrhizal fungi 
The earliest known plants found in Rhinie Chert deposits (370 million 
years ago) have fungal structures very similar to  present-day vesicular­
arbuscular mycorrhizae (VAM) that demonstrate their evolutionary importance 
(Paul and Clark 1989).  Soil fungi that form mycorrhizal associations with plant 
roots are important for regulating nutrient uptake, disease resistance, water 
relations and ultimately, growth of the plant partner (Allen and Allen 1992, 
Killham 1994). Internal vesicles used by VAM fungi for lipid storage are 10-100 
1..tm expansions of the fungal hyphae between root cortex cells.  Arbuscules are 
intracellular structures in root cortex cells that consist of finely branched hyphae 
similar to the haustoria of plant pathogens (Paul and Clark 1989). Arbuscules 
persist within individual plant cells for 4-10 days, after which they are digested 
by plant cells and new arbuscules are formed.  Nutrient exchange occurs 
between arbuscules and the plant cell membrane. 
Vesicular-arbuscular mycorrhizal fungi improve the nutrient status of 
plants at critical stages in the plant's lifecycle. For example, phosphorous levels 
in alpine plants immediately increases after the formation of VAM structures 
(arbuscules) that function in nutrient exchange (Mullen and Schmidt 1993). 
Increased phosphorous levels in plants immediately following peaks in arbuscule 
formation indicate that mycorrhizal structures are directly related to nutrient 
uptake (Mullen and Schmidt 1993). 24 
The external structures of VAM fungi are hyphae that penetrate soil and 
produce chlamydospores. The internal structures of VAM are continuous with 
extra-matrical hyphae that absorb soil nutrients.  Nutrients transferred from the 
host plant to the fungal symbiont function  primarily to increase nutrient 
absorption and not for fungal growth (Paul and Clark 1989, Killham 1994). The 
infective hypha that penetrates the root to begin the symbiosis may arise from a 
germinated spore in the soil or extra-matrical hyphae from previously infected 
roots (Lynch 1990). 
1.7.4 Protozoa 
Soil protozoans are single cell organisms that graze on bacteria and 
fungi, and regulate the turnover of nitrogen that is immobilized in microbial 
biomass (Lynch 1990, Ingham 1994). The grazing activity of protozoa may keep 
soil bacteria populations physiologically young, hence more efficient in residue 
decomposition (Paul and Clark 1989). 
A single protozoan may consume several hundred to several hundred 
thousand bacterial cells per hour.  Stout et al. (1982) recognized five main 
protozoan subgroups: flagellates, naked amoebae, testate amoebae, ciliates and 
sporozoa.  Testate amoebae (Testacea) generally inhabit forest soils (Ingham 
1994, Foissner 1986, Bamforth 1985) and are not present in the sandy-
grassland and clay-agricultural soils used in this research project.  Ciliates 25 
(Ciliophora, Colopoda) are present but not abundant in the grassland and 
agricultural soils used in this research. Flagellates (Zoomastigophorea, Bodo or 
Pleuromonas sp.)  are  ubiquitous grazers of  bacteria.  Naked amoebae 
(Sarcodina) feed on bacteria, other protozoans, yeast, fungal spores and algae, 
and were also common in the grassland and agricultural soil used in this 
research. 
There are three feeding habits for free living, phagotrophic protozoa: (a) 
filter-feeding,  (b)  raptorial-feeding and (c)  diffusion-feeding (England et al. 
1993).  Filter-feeding protozoa such as flagellates and ciliates  filter food 
particles (e.g., bacteria) from water films around soil particles. Raptorial-feeding 
protozoa such as flagellates and amoebae ingest bacteria that are suspended in 
soil water and surface-bound to soil  particles.  Diffusion-feeding by some 
amoeboid protozoans involves extension of a pseudopodium to engulf prey, 
followed by food vacuole formation (Foster et al. 1991).  The abundance of 
sporozoa was not evaluated in this research project. 
Few studies have investigated the grazing  activity  of protozoa on 
introduced bacteria such as GEMs.  In one study, when a mucoid strain of 
genetically altered Pseudomonas solanacearum was provided as a food source 
for protozoa, the number of flagellates increases significantly, while the number 
of ciliates and amoebae did not increase (Austin et al. 1990). The number of 
ciliates and amoebae significantly increased when a non-mucoid strain of P. 
solanacearum was provided as a food source  A transposon in genetically 26 
engineered P. solanacearum did not affect protozoan grazing activity when 
compared to the wild-type strain.  However, the presence of a recombinant 
plasmid  in  P. solanacearum resulted  in  a significantly lower number of 
flagellates (Austin et al. 1990). 
The responses of soil protozoa to introduced bacteria can vary also due 
to preferential feeding behavior of the predator. The number of protozoans did 
not increase after additions of Arthrobacter globiformis and Bacillus thuringiensis 
bacteria to soil (England et al.  1993).  However, the number of protozoa 
increased when Bacillus mycoides spores were added to soil.  The addition of 
Escherichia coli cells to soil also increased protozoan numbers. 
1.7.5 Nematodes 
Soil dwelling nematodes are separated by function into five broad trophic 
groups (Bernard 1992): 1) bacterial-feeding; 2) fungal-feeding; 3) plant-feeding; 
4) predators; and 5) omnivores. These categories are not mutually exclusive in 
that some species that are generally placed in one category may in fact have 
developmental stages or generations that fit a different category.  In soil, free-
living nematodes are voracious feeders on microflora.  Bacterial-feeding 
nematodes may also feed on algae, slime molds and fungi.  Therefore 
separation into uncompromising trophic groups may be not reflect all feeding 
patterns for some species. The soil bacterial treatments applied in this research 27 
project could directly affect the nematode community structure by increasing the 
number of bacterial-feeding nematodes. 
In this research, the soil nematodes are primarily bacterial-feeding and 
fungal-feeding species.  The grazing of soil  bacteria by bacterial-feeding 
nematodes increases primary production  (i.e.,  photosynthesis)  in  plants by 
regulating decomposition of organic matter and nutrient cycling (Freckman 1988, 
Ingham et al.  1986, Ingham et al.  1985). Different generation times that range 
from days to weeks allow for several species of bacterial-feeding nematodes to 
coexist in soil. 
Freckman (1988) suggests that nematodes engulf plant  symbiotic, 
pathogenic and saprophytic bacteria as non-specific feeders.  However, 
suspect that nematodes discriminate between prey species as demonstrated for 
protozoa (Austin et al. 1990). Therefore, the feeding behavior of nematodes can 
deplete a population of beneficial bacterial species that would be a negative 
effect  if populations of nematodes dramatically increase.  If  soil nematodes 
overgraze populations of pathogenic bacteria, this is considered a beneficial 
effect for plant growth. 
Fungal-feeding nematodes can also affect nutrient cycling processes by 
grazing on the hyphae of saprophytic, mutalistic and pathogenic fungi in soil 
(Ingham 1992). Mankua and Mankua (1963) found that several highly palatable 
species of fungi that support rapid reproduction of Aphelenchus avenae are 
overgrazed by nematodes and that hyphal growth can either slow or stop 
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entirely. Low to moderate grazing of hyphae by nematodes can stimulate fungal 
growth, whereas heavy grazing of hyphae can inhibit fungal activity (Ingham 
1992). 
1.7.6 Wheat plant growth and root exudates 
All wheat plants belong to the genus Triticum L. (Cook and Veseth 1992). 
Spring wheat seeds (Triticum aestivum var. vulgar) used this research project 
were obtained from the Oregon State University Wheat Breeding Program at 
Hyslop Farm, Oregon. The spring wheat variety was selected for the microcosm 
experiments because of its less specific growth requirement (e.g., temperature) 
and because it's roots ability to occupy most of the soil in the microcosm units. 
In addition, the colonization of spring wheat plant roots by VAM fungi was easily 
discernible. 
A fully developed wheat plant consists of a main stem with a head, 
internodes and nodes, leaves, roots, and tillers.  Initial roots that develop as part 
of the seedling are seminal or primary roots. Crown roots develop later from the 
main stem, along with tillers.  Each tiller consists of a head, internodes and 
nodes, leaves, roots, and potentially subtillers (Cook and Veseth 1992).  The 
time required for wheat plants to develop is measured in growing degree days 
(GDD). The number of GDD for a given day is the average temperature on that 
day minus the base temperature that is 0 °C for wheat. Since the spring wheat 29 
plants in this experiment were incubated at 25°C, the number of GDD was 25 for 
each day of  incubation  (the  daily  high temperature plus the  daily  low 
temperature divided by 2, minus 0°C). Early maturing varieties of spring wheat 
require about 1475-1500 GDD from the time of water uptake by seeds until time 
that the grain is hard-ripe (Cook and Veseth 1992). Pregerminated spring wheat 
seedlings received 1125-1425 GDD during this research project. Wheat plants 
grown in soil microcosms survived until the last sample date and were at the 
flowering stage of development except when the addition of SDF20 to low 
organic matter grassland soil indirectly resulted in plant death. 
Root exudates from plants are important substrates for rhizosphere 
inhabitants (Lynch 1990). The common definition of rhizosphere infers a root-
zone (100 pm) of influence primarily affecting the activities of microflora (Curl 
and Truelove 1986).  Lynch (1990) suggests that as much as 40% of the dry 
matter assimilated by crop plants may be released into the soil by exudation and 
related processes. Plant roots also add to soil organic matter by mucilaginous 
secretions from the root cap and sloughing off root cells during growth. 
The quantity and quality of root exudates are not uniform along the 
surface of plant roots.  McDougall and Rovira (1970) adapted a filter paper 
technique to measure the release of radioactive compounds along the roots of 
wheat plants treated with carbon dioxide [14C].  The results indicated that 
exudation occurs from the root apices or from points where lateral roots emerge 
from the main root.  Autoradiograms showed that exudation occurs mainly at 30 
isolated "hot spots" that corresponds to the apices of lateral roots.  Root 
exudates have been shown to increase the survival of introduced bacteria in 
competitive environments (Gilbert et al. 1993). The presence of plant roots is 
expected to be important to the survival of SDF20 and associated effects in this 
experiment because the type strain of K. planticola naturally occurs in the 
rhizosphere of plant roots (Bagley et al. 1981). 
1.8 Soil foodwebs from different ecosystems 
Understanding how nutrients cycle within soil foodwebs after the release 
of GEMs is central to assessing ecological effects.  Coleman et al. (1988) 
suggested that the amount of net primary production belowground varies in 
different ecosystems.  The microbial components of soil foodwebs in forest, 
grassland and agricultural ecosystems differ  in  function, energy flow and 
biomass distribution.  For example, a reduction of bacteria-feeding nematodes 
that regulate nitrogen mineralization may be offset by an increase in protozoans 
(Ingham et al.  1989).  In this research project, low organic matter, sandy-
grassland soil and low organic matter, clay-agricultural soil was collected from 
field sites in Oregon to assess ecological effects after SDF20 was added to two 
different soil foodwebs. 31 
Functional roles of trophic groups within soil foodwebs are described by 
Ingham et al. (1985 1986 1989). Forest soils are strongly dominated by fungal 
biomass, prairie soil slightly dominated by bacterial biomass and meadow soil 
strongly dominated by bacterial biomass (Ingham et al.  1989).  Fungi  in 
grassland ecosystems can be net mineralizers of soil organic matter (Hunt et al. 
1987, Ingham et al. 1989). The number of bacterial-feeding nematodes was ten 
times higher in bacterial-dominated meadows than in less bacteria-dominated 
prairies. The densities of bacterial-feeding and fungal-feeding organisms in soil 
were biologically significant because alterations in predators may shift the 
biomass distributions of microbiota that change the rate that nutrients become 
available for plant growth (Hunt et al. 1987, Ingham et al. 1985). 
In semi-arid grassland soil, increase in N mineralization corresponded to 
an increase in bacterial predators (protozoa and nematodes). Nitrogen that was 
retained in bacterial biomass was released by the grazing activity of amoebae 
and ciliates (Ingham et al. 1986, Ingham et al. 1985). Naked amoebae can make 
up 95% of the protozoan biomass in soil natural grassland soil.  These soils 
were bacteria-dominated, that explained the high amoebae population because 
one amoeboid cell represents 3000-4000 consumed bacteria (Charholm 1985). 
The grazing of nematodes on bacteria and fungi reduces N immobilization and 
increases nitrate and ammonium in soil for plant growth (Ingham 1986). Three 
to seven-link food chains with many omnivory groups are considered stable in 
grassland ecosystems (Charholm 1985). 32 
To evaluate the role of soil foodweb organisms in  nutrient cycling 
processes, general biocides was added to soil to remove selective components 
of the soil foodweb.  In Georgia no-tillage agroecosystems, the application of 
streptomycin to field plots significantly decreased the total number of bacteria for 
14 days. A significant decrease in total bacteria resulted in decreased plant 
growth for one year after application that indicated a long term, residual effect if 
bacterial biomass was decreased in this ecosystem (Ingham et al. 1991). This 
period of decrease in total bacteria was much shorter than reported for semi-arid 
soils (Ingham and Coleman 1984), and suggested that the bacterial community 
in Georgia soil was less susceptible and/or more resilient. 
In other biocide treatments, the flagellate population rapidly grazed on 
active bacteria, but the increase in soil ammonium and nitrate-N was attributed 
to metabolism of inorganic amide groups of the streptomycin by bacteria and not 
to the release of immobilized N from microbial biomass. A reduction of active 
hyphae in captan treated soil indirectly reduced fungal-feeding nematodes. 
However, a reduction in fungal-feeding nematodes had no observable effect on 
inorganic N pools in this agroecosystem soil possibly due to a reduction in 
immobilized N from reduced fungal activity. 33 
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Abstract.  Klebsiella planticola  SDF20, has been genetically engineered to 
produce ethanol. This bacterium survived and produced ethanol when added to 
non-sterile clay soil amended with peat and no plants present. The production 
of ethanol was detected in the headspace of soil microcosms, showing that 
SDF20 could express its novel function in soil.  Ethanol was not detected when 
SDF20 was added to a sandy soil amended with peat or when SDF20 was 
added to clay and sandy soils not amended with peat.  The survival of K. 
planticola improved when plants were present in microcosms, but ethanol was 
not detected when plants were present. The potential for genetically engineered 
K. planticola SDF20 to produce ethanol should be considered in field releases 
because of the toxicity of ethanol. 40 
2.1 Introduction 
Klebsiella planticola SDF20 (pft:Mu pf7701/pZM15) was genetically 
engineered to produce ethanol from agricultural residues (Feldman et al. 1989, 
Tolan and Finn 1987).  Ethanol produced in batch fermentors by GEMs like 
SDF20 could be added to gasoline (i.e., gasohol) for cleaner burning fuels (Keim 
and Venkatasubramanian 1989, Ohta et al. 1991). After ethanol is removed, the 
residue material from fementors that includes potentially viable bacteria can be 
an excellent organic amendment for agronomic fields.  The release of viable 
genetically engineered microorganisms (GEMs) into the environment might 
represent a risk to the environment (Doyle et al. 1995). 
Some Klebsiella species are N-fixing organisms in soil (Killham 1994). 
This bacterium can metabolize a wide range of pentose and hexose sugars 
(Feldman et al. 1989) that constitute simple carbon inputs from plant roots 
(Lynch 1990).  Because the bacterium may need carbon inputs to produce 
ethanol, this study evaluated the ability of K. planticola SDF20 to produce 
ethanol in soil with and without plants. Because of the toxicity of ethanol (Jones 
1989), this GEM and the expression of its novel function in soil could impact the 
soil biota and growth of plants. 
The addition of this GEM to soil might produce unanticipated effects if 
SDF20 produces concentrations of ethanol in soil similar to production in liquid 
culture (7 g  11)  (Feldman et al.  1989).  Jones (1989) reported that low 41 
concentrations of ethanol (5-10 g 1-1) were toxic to Gram-negative bacteria and 
the root cells of onion, while soil fungi and protozoa may be tolerant to slightly 
higher concentrations of ethanol (15 g I-1) than Gram-negative bacteria and plant 
roots (Jones 1989). Gram-positive bacteria are tolerant of considerably higher 
concentrations of ethanol (40-400 g I-1).  Very low concentrations of ethanol 
added to soil (50-100 lig g-1 of soil) can enhance denitrification of nitrates in 
soil, thus reducing nitrogen availability for crop plant growth (Yoemans and 
Bremner 1989).  In addition, oxidative metabolism of ethanol in soil by plant 
roots and soil bacteria could result in the accumulation of acetylaldehyde that is 
also be toxic to a wide variety of organisms (Brock and Madigan 1991, Burdick 
and Mendelssonn 1990). 
To test whether SDF20 might express its novel function after release into 
non-sterile soil, SDF20 was added to two different soils with varying organic 
matter content. These soils were chosen to investigate the effects of different 
soil conditions on the production of ethanol by SDF20.  Low organic matter 
sandy-grassland and clay-agricultural soil were collected from two field sites in 
Oregon, USA to investigate the survival and production of ethanol by SDF20 in 
soil with limited carbon availability.  Soil having a high clay content can improve 
the survival of introduced bacteria as compared to soil having low clay content 
(England et al. 1993). Soils having higher silt and clay content may enhance the 
survival of introduced bacteria by protecting them from predators because 
bacteria can find refuge in small pores in clay soil where predators are too large 42 
to enter (England et al. 1993, Ho lben et al. 1988, Richaume et al. 1992). An 
organic amendment (peat) was added to these soils low in organic matter to 
increase carbon availability, thereby enhancing the survival  of introduced 
bacteria (Trevors and Grange 1992). 
Because root exudates can be important sources of carbon for soil 
bacteria (Gilbert et al. 1993), spring wheat plants (Triticum aestivum L.) were 
planted  in  soil microcosms inoculated with SDF20, and  its  survival and 
production of ethanol were assessed.  As much as 20% of photosynthate 
produced by crop plants can be released into soil by exudation and related 
processes (Lynch 1990). Consequently, this readily available carbon released 
from the apices of plant roots (McDougall and Rovira 1970)could improve the 
survival of SDF20 and possibly its production of ethanol by increasing the 
amount of carbon available for its use. 
Two objectives of this study were: 1) to investigate the survival of SDF20 
in soil and 2) to examine ability of SDF20 to produce detectable concentrations 
of ethanol when introduced into soil.  To fulfill these objectives, the ability of 
SDF20 to produce detectable concentrations of ethanol in pure culture and 
anaerobic conditions was evaluated.  Additionally, ethanol was added to soil 
planted with wheat to determine whether the concentration of ethanol produced 
by SDF20 in liquid culture (Feldman et al. 1989) could be toxic to plants. The 
survival and ability of SDF20 to produce ethanol in soil was then investigated. 43 
This study tested hypotheses: 1) If SDF20 is added to soil having high 
organic matter and high clay content, then SDF20 will become established and 
produce ethanol because high organic matter clay soil is most likely to contain 
sufficient carbon substrates and appropriate anaerobic microsites.  2) If SDF20 
can survive in  soil, then ethanol will be detected in the headspace of soil 
microcosms because this bacterium was engineered from a naturally occurring 
soil bacterium capable of metabolizing simple carbon substrates secreted from 
plant roots and other soil organic matter. From these hypotheses, the survival of 
SDF20 and production of ethanol by this GEM was expected to be greater in soil 
microcosms with plants in comparison to soil microcosms without plants.  If 
ethanol  is  not detected  in  the headspace,  soil  conditions might remain 
appropriate for survival of the GEM but not be appropriate for expression of its 
novel function or the ethanol may be metabolized by rapidly growing soil 
bacteria and plant roots (Brock and Madigan 1991, Burdick and Mendelssonn 
1990). 
2.2 Materials and Methods 
Bacterial Cultures.  The parental (SDF15) and GEM (SDF20) strains of K. 
planticola were provided by Dr. Sigrun Feldmann (Institut fur Biotechnologie, 
Federal Republic of Germany).  Klebsiella planticola SDF15 (the parental strain) 
that is 1) resistant to kanamycin (Km, 25 pg m1-1), (Binger-Myer et al. 1986) 44 
unable to produce organic acids anaerobically and 3) defective in the production 
of pyruvate-formate-Iyase enzyme was created by mutangensis of strain SDF2, a 
P1-sensitive mutant, with phage Mu pf7701 (Feldman et al. 1989). When 25 jig 
m1-1 of Km (Sigma Chemical Company, St. Louis, MO) was added to culture 
medium (LB broth; Difco Laboratories, Detroit,  MI) SDF15 failed to grow. 
Therefore, the tolerance of SDF15 to Km was evaluated in liquid culture using 
facultatively anaerobic conditions. The optical density of cultures of SDF15 was 
reduced 75% in the presence of 5.0 lig ml  of Km. Because of these results, 
SDF15 was propagated without the addition of Km for the remainder of this 
study. 
Plasmid pZM15 enables SDF20 to produce ethanol from hexose and 
pentose sugars. This plasmid comprises the pyruvate-decarboxylase gene (pdc) 
from Zymomonas mobilis ZM6, its promoter and a chloramphenicol-resistance 
(Cm) gene (Feldman et al. 1989).  In participation with endogenous alcohol 
dehydrogenase (adh), pdc enables bacteria to produce ethanol (Binger-Myer et 
al.  1986). To create SDF20 (pde, 
KmR  CmR), )  pZM15 was transferred into 
SDF15 by conjugation with Escherichia coli S17-1 (Feldman et al.  1989). 
Klebsiella planticola SDF20 expresses higher pdc activity (1.85 U mg-1) than Z. 
mobilis (1.15 U mg-1) and SDF15 (0.0 U mg-1). Anaerobic growth of SDF20 on 
10% xylose in ideal conditions produces up to 400 mM ethanol, 83% of the 
maximal theoretical yield (Feldman et al. 1989).  In addition to ethanol, SDF20 45 
produced less lactate, formate, and acetate, which inhibited the growth of E. coli 
engineered to produce ethanol (Feldman et al. 1989, Ingram et al. 1987). 
Klebsiella planticola SDF15 was cultured on unamended MacConkey's 
medium (Becton Dickerson Microbiology System, Cockeysville, MD) because 
preliminary investigations showed that the indigenous soil bacteria in these soils 
did not contain lactose fermenting bacteria (Atlas 1993).  Klebsiella planticola 
SDF20 was cultured on MacConkey's medium amended with antibiotics when 
appropriate (Feldman et al. 1989). 
To confirm the presence of extra-plasmid DNA in SDF20, DNA extracted 
from SDF15 and SDF20 were compared to standard-size fragments using gel 
electrophoresis. A single, well-isolated colony was used to inoculate into LB 
0 
broth. These cultures were incubated overnight at 25 C as a stationary culture. 
The cell in cultures was pelleted by centrifugation (8000 g, 5 min), washed once 
in sterile phosphate buffer (0.1M, pH = 6.5), and resuspended in phosphate 
buffer.  DNA was extracted from cell suspensions using a Promega DNA 
Purification  system  according  to  manufacturer's  instructions  (Promega 
Corporation, Madison, WI). DNA fragments were stained with ethidium bromide, 
separated using 0.7% agarose gel (100 volts for 90 min), and visualized under 
UV light to confirm the presence of extra-plasmid DNA in SDF20. 
Aerobic, facultatively anaerobic and anaerobic growth curves. The growth of 
SDF15 and SDF20 in different culture conditions was compared.  Bacterial 46 
cultures incubated on an orbital shaker were aerobic, stationary cultures were 
facultatively anaerobic, and cultures under a He-saturated atmosphere were 
anaerobic.  All cultures were incubated at 25°C with periodic sampling of three 
replicate cultures during 32 h incubation. Anaerobic conditions were created by 
flushing sealed serum vials with helium gas (2 min at 100 ml min-1). LB broth (20 
ml) and 100 [II of an overnight culture of SDF15 and SDF20 were added to 
serum vials by sterile injection. Resazurin dye (0.00001%) was added to the LB 
broth as an indicator of anaerobic conditions.  In addition to a resazurin dye 
indicator, anaerobic conditions in the liquid cultures were further confirmed by 
the growth of an obligate-anaerobe, Bacteroides fragilis in the same conditions 
(Brock and Madigan 1990).  The number of colony-forming units (CFU) of B. 
fragilis was measured by spread-plating samples on LB medium and subsequent 
incubation in a Brewer's Anaerobic Jar (Becton Dickerson Microbiology System, 
Cockeysville, MD). 
At each sampling period, 25 ml of air from the headspace of serum vials 
was placed  into  Vaccutainers  (Becton  Dickerson  Microbiology  System, 
Cockeysville, MD). The concentration of ethanol in 25 ill subsamples taken from 
the Vaccutainers was determined  using gas chromatography (Shimadzu 
Corporation, Kyoto, Japan) with flame ionized detection (8-ft Porpak-Q column at 
0 0 
i 150 C and 200 C injection port temperatures). Known concentrations of ethanol 
were also analyzed at the beginning of each set of analysis to determine which 
sample peak represented ethanol. 47 
Soil preparation and characterization. Low organic matter, sandy-grassland 
soil (Gardone series, Aridic Haploxeroll) collected at the Millican Limited Use 
Area, Oregon, (General Soil Map 1986) was prepared by sieving (2-mm mesh), 
mixing for 5 min in a concrete mixer, and stored in plastic-lined, rubber cans in a 
greenhouse until use.  Low organic matter, clay-agricultural soil (Woodburn 
series, Aquultic Agrixeroll) was collected from Hyslop Farms, Oregon (General 
soil Map 1986), and processed as described for the Millican soil. Only the upper 
5-cm of soil was collected at each site. The low organic matter soils were stored 
for 24 months in greenhouse conditions until use. 
The low organic matter sandy and low organic matter clay soils were 
amended with peat that could contain ethanol-producing organisms, to produce 
high organic matter sandy and high organic matter clay soils for evaluating the 
production of ethanol by SDF20 in different soil types. Three replicate samples 
of each soil type were submitted to Oregon State University Soil Testing Service 
(OSU, Corvallis OR, 97331) for chemical and physical analysis (Table 2.1). 48 
Table 2.1: Soil characteristics. Peat was added to increase the organic matter 
(OM) content of the low organic matter soil types (1 peat: 9 soil). 
Soil Types  Soil Series  % OM  `)/0 Sand  % Silt  % Clay 
low OM sand  Gardone  1.7  82.4  14.3  3.2 
high OM sand  Gardone + peat  4.7  80.7  13.4  5.9 
low OM clay  Woodburn  2.6  7.7  71.8  20.5 
high OM clay  Woodburn + peat  7.0  7.5  67.3  27.8 
Ethanol Toxicity.  Several concentrations of ethanol were added to soil with 
plants to determine if 1-8 times the concentrations of ethanol produced by 
SDF20 in liquid cultures (250 tig m1-1) in idealized conditions (Feldman et al. 
1989) would be toxic to plant growth. The soil moisture in low and high organic 
matter sandy soils was adjusted to field capacity. Wheat seedlings that were 
germinated for 48 h in sterile conditions were planted in soil microcosms and 
incubated for 5 days at 25°C. Four concentrations of ethanol (0, 250, 1000, and 
2000 jig g-1 of soil) were added to the soil. Three replicate microcosms per each 
ethanol treatment per each soil type were constructed.  The soil microcosms 
were incubated for an additional 10 days and the soil moisture adjusted to field 
capacity each day. At the end of the experiment, each plant was removed from 
the soil and the health of each plant was ranked as good, poor, or dying. 49 
Soil microcosms. Soil microcosms were constructed in quart-sized glass jars 
(Ball Corp., Muncie, IN).  Three different bacterial treatments (uninoculated 
control, SDF15 and SDF20) were examined with each soil type.  Survival of 
SDF20 and the production of ethanol were investigated in  soil microcosms 
without plants containing either low or high organic matter clay soils.  Survival 
and the production of ethanol by SDF20 in soil microcosms with plants were 
determined for all four soil types.  The survival of SDF20 and production of 
ethanol by SDF20 in low organic matter sandy soil without plants were not 
investigated in this research. 
Klebsiella planticola SDF15 and SDF20 were prepared for inoculation into 
soil, by inoculating subsamples of frozen cultures (-80°C) into 20 ml of LB broth 
in 100 ml vials. Cultures were shaken on an orbital shaker at 225 rpm overnight 
at 25°C. A loop of these bacterial cultures was streaked onto MacConkey's 
medium to obtain single colonies. A single colony was selected for subculture in 
LB broth by incubation overnight in aerobic conditions at 25°C.  Bacterial cells 
from these overnight subcultures were pelleted by centrifugation at 8000 g for 5 
min, resuspended in 1L of autoclaved tap water, and the optical density (OD) 
measured at 600 nm.  The OD of the bacterial inoculum added to soil was 
adjusted to 0.522 for the SDF15 strain and 0.556 for the SDF20 strain. Bacterial 
inocula of the two cultures at these different ODs yielded about login 7 CFU g-1 
of soil. 50 
The moisture content of the soil in microcosms was maintained near field 
capacity. The amount of water required to bring air-dried soil to field capacity 
was determined gravimetrically (Jury et al. 1991).  Half of the autoclaved tap 
water needed to increase the moisture content of soil to field capacity was added 
72 h before the experiment and allowed to equilibrate at 25°C with daily mixing. 
The remaining water was added just before assembling the soil microcosms. 
This second aliquot of water contained the bacterial inoculum for the SDF15 or 
the SDF20 treatments or left uninoculated. After mixing the soil in plastic bags, 
200 g of inoculated soil were added to each glass jar.  Three replicate 
microcosms were constructed for each bacterial treatment per sample date. 
One spring wheat seedling (Triticum aestivum L.) was added to each 
planted soil microcosm, to assess whether plants roots would increase the 
survival of SDF20 and the production of ethanol. Wheat seeds were surface 
sterilized in 10% hydroxychloride for 5 min, rinsed once with autoclaved tap 
water, and placed on moistened filter paper for germination at 25°C in the dark 
for 48 h.  After planting the wheat seedlings, all microcosms were sealed with 
lids that contained rubber septa for withdrawing samples from the headspace of 
microcosms, and incubated for one week at 25°C. Headspace samples from soil 
microcosms were analyzed for the concentration of ethanol using the same gas 
chromatography conditions described above for anaerobic broth cultures. 51 
Statistical Analysis. The numbers of K. planticola were converted to logo CFU. 
The percent areas (mm2) of the ethanol peaks were converted to concentrations 
Gig m1-1) by comparison with percent area values from standard injections of 
known concentrations of ethanol.  Analysis of variance was used to determine 
significant differences (p  0.01) in the number of CFU and concentrations of 
ethanol using the interaction of soil type and treatment as the error term (SAS 
Institute Inc., Cary, NC). Comparisons of results were not made between soil 
types because substantial differences in soil properties (see Table 2.1). 
2.3 Results 
Presence of the plasmid DNA in K. planticola SDF20.  Both SDF15 and 
SDF20 had chromosomal DNA fragments of about 16 kilobases (kb) (Figure 
2.1).  The DNA extracted from Klebsiella planticola SDF20 contained a 4.36 
band that was not found in DNA extracted from SDF15. These results indicated 
that the pZM15 plasmid encoding pdc and Cm resistance was likely to be 
present in K. planticola SDF20 but not in SDF15. 52 
H3 1 2  H3 
23.00 kb 
9.42 
6.57 
4.36 
2.32 
FIGURE 2.1: DNA extractions of K. planticola strains SDF15 and SDF20. H3­
lanes are the molecular-size standards of lambda phage Hind-Ill fragments. 
DNA from SDF15 was placed in lanes 1 and 2. DNA from SDF20 was placed in 
lanes 3 and 4. 
Aerobic, facultatively anaerobic and anaerobic growth.  During the mid-
exponential growth phase (8 h), cell density of SDF15 (log10 9.8 CFU m1-1) was 
significantly higher than that of SDF20 (logio 9.1 CFU m1-1) in aerobic conditions. 
Both SDF15 and SDF20 reached the stationary growth phase after 16 h of 
incubation in aerobic conditions. After 32 h of incubation, both strains attained 
log10 9.8 CFU m1-1  in aerobic conditions.  The growth of SDF15 and SDF20 53 
strains were not significantly different in facultatively anaerobic conditions and 
after 32 h of incubation, the final cell densities for SDF15 (login 9.6 CFU m1-1) 
and SDF20 (login 9.2 CFU m1-1) strains were similar. 
In anaerobic conditions, the cell density of SDF15 was significantly higher 
than that of SDF20 during the exponential phase of growth (1-8 h) (Figure 2.2). 
Both strains reached the stationary growth phase after 8 h of incubation. The 
cell density of SDF15 (login 10.5 CFU m1-1) was significantly higher than SDF20 
(login 9.3 CFU m1-1) after 16 h of incubation.  After 32 h, viable cell density for 
strains SDF15 and SDF20 decreased by 100-fold.  During the 32 h incubation 
period, cell density of B. fragilis increased from login 5.8 to login 7.7 CFU m1-1, 
that confirmed anaerobic conditions. 
Ethanol Toxicity.  All plants were ranked as dying in treatments that ethanol 
was added to soil.  This showed that 1, 4, and 8 times the concentration of 
ethanol produced by SDF20 in liquid culture (250 gg m1-1) would be toxic to plant 
growth. The health of plants was ranked as good in treatments that ethanol was 
not added. 54 
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FIGURE 2.2: The growth of the K. planticola strains and the concentrations of 
ethanol produced by strain SDF20 in  anaerobic culture conditions.  The 
standard errors of the means are indicated by the bars. 
The production of ethanol by SDF20 in liquid culture and in soil.  Ethanol 
was not detected in the headspace of anaerobic cultures inoculated with SDF15. 
Ethanol was detected in the headspace of anaerobic cultures inoculated with 
SDF20 (Figure 2.2). The concentration of ethanol produced by SDF20 was 69 1.1. 
g m1-1 at the end of the 32 h incubation period. 
Ethanol was detected only in the headspace of microcosms containing 
high organic matter clay soil without wheat plants after one week of incubation 
(Figure 2.3).  The concentration of ethanol detected in the headspace of 55 
microcosms inoculated with SDF20 (26 µg m1-1) was significantly greater than 
from microcosms inoculated with SDF15 (5 µg m1-1) or uninoculated microcosms 
(9 lig  m1-1).  Ethanol was not detected in the headspace of microcosms 
containing low organic matter clay soil (i.e., no peat added) without plants, or in 
the headspace of microcosms with plants containing either low or high organic 
matter clay soil types. 
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FIGURE 2.3: The concentration of ethanol detected in  the headspace of 
microcosms without  plants,  containing  high  organic  matter  (OM),  clay-
agricultural soil. The standard error of the means are indicated by the bars. 56 
Survival of K. planticola strains in soil microcosms. Improved survival of K. 
planticola SDF15 (parent) and SDF20 (GEM) in soil depended on whether or not 
the microcosms contained plants.  The survival of SDF20 in non-planted clay 
soil microcosms significantly increased in soil with higher organic matter content 
in comparison to non-planted low organic matter clay soil (Figure 2.4a). Survival 
of SDF15 was significantly higher than SDF20 in low and high organic matter 
clay soils without plants after 1 week of incubation (Figure 2.4a).  In clay soil 
treatments with plants, the survival of SDF15 and SDF20 strains after 1 week 
incubation was more similar to the inoculated densities (Figure 2.4b) than in clay 
soil treatments without plants (Figure 2.4a).  In the low organic matter clay soil 
with plants, the density of SDF15 significantly increased above the inoculum 
levels, while the density of SDF20 significantly decreased below the inoculum 
level (Figure 2.4b). 
In the low and high organic matter sandy soil treatments, the survival of 
SDF15 and SDF20 strains significantly decreased during 1 week of incubation 
(Figure 2.4c). The survival of SDF15 and SDF20 in low organic matter sandy 
soil with plants were significantly higher than the survival of SDF15 and SDF20 
in high organic matter sandy soil with plants. 57 
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Figure 2.4: The survival of K. planticola strains in (a) clay soils without plants, (b) 
clay soils with plants, and (c) sandy soils with plants. The standard errors of the 
means are indicated by the bars. 
2.4 Discussion 
In this study, 1) K. planticola SDF20 but not SDF15 produced detectable 
concentrations of ethanol in liquid culture and 2) SDF20 produced detectable 
concentrations of ethanol in non-sterile clay soil amended with peat, and without 
plants present. Assuming an equilibrium existed in gas concentrations between 
the headspace and soil pore-space, the amount of ethanol produced by SDF20 
in  soil could have affected denitrification rates that could reduce nitrogen 59 
availability to  plants of economic importance based on previous studies 
(Yoemans et al. 1989). This low concentration of ethanol produced by SDF20 in 
high organic matter clay soil (0.2%) might not directly affect soil biota and plant 
roots (Jones 1989). The concentration of ethanol in soil when compared to the 
concentration of ethanol detected in microcosm headspace, however, was most 
likely greater because ethanol could be oxidized by other soil bacteria (Brock 
and Madigan 1991, Burdick and Mendelssonn 1990) or absorbed to clay 
particles (Zhang et al. 1990) and because of the diffusion gradient from soil to 
headspace (e.g., CO2 is 750 ppm in soil and 250 ppm in airspace above soil 
indicating a barrier to gas diffusion). 
The first step in evaluating K. planticola SDF20 was the determination that 
this GEM could express its novel trait in liquid culture. The results from liquid 
culture experiments indicated that SDF20 produced 69 lag m1-1 of ethanol (Figure 
2.2).  In contrast, Feldmann et al. (1989) measured 7 g 1-1 of ethanol in a mineral 
salt medium containing D-xylose, following the removal of SDF20 cells from the 
culture fluid.  Ethanol produced by SDF20 in LB broth  in our study was 
measured by analysis of the headspace gas of growth vessels while Feldmann 
et al. (1989) measured ethanol in the medium itself. Therefore, the production of 
ethanol by SDF20 in these two experiments was not directly compared, and may 
be comparable. 
The results of the microcosm experiments supported the hypothesis that 
SDF20 added to soil with high organic matter and clay content could survive and 60 
produce ethanol.  Production of ethanol by SDF20 was detected only in the 
headspace of microcosms using high organic matter clay soil without wheat 
plants (Figure 2.3).  The detection of ethanol in the headspace of the non-
planted control and SDF15 inoculated treatments indicated that the non-sterile, 
peat amendment contained ethanol producing microbiota (Boehm et al. 1993). 
The significantly greater amount of ethanol (20 lig  m1-1) detected  in  the 
headspace of soil microcosms inoculated with SDF20 indicated that this GEM 
could produce detectable concentrations of ethanol above concentrations 
produced by organisms in the peat amendment. 
The organic matter content of soil in temperate and tropical ecosystems 
generally ranges from 1-10% (Bohn et al. 1985, Brady 1990, Coleman et al. 
1989).  The amendment of clay soil with peat increased its organic matter 
content from 2.6 to 7% (Table 2.1) that is within the range of naturally occurring 
soils. When peat was added to this type of soil to produce a higher organic 
matter clay soil, the production of ethanol by SDF20 was detectable (Figure 2.3). 
The organic matter content of the high organic matter clay soil used in this 
experiment was within that of an agronomic field.  Consequently, the potential 
exists for this GEM to express its novel function  if released into soil.  The 
production of ethanol by SDF20 after its release into the environment is a valid 
concern based on results that the concentration of ethanol produced by SDF20 
in liquid culture as reported by Jones(1989) was toxic to wheat plants, and the 
production of ethanol by this GEM in soil. 61 
The addition of ethanol to soil at the concentration produced by SDF20 in 
liquid culture (250 lig m1-1) resulted in the death of wheat plants.  This result 
showed that the production of ethanol by this GEM could be detrimental to plant 
growth and supports previous observations on the negative effects of ethanol on 
plants (Jones 1989). 
This study demonstrated that a K. planticola SDF20, survived and 
produced ethanol when introduced into non-sterile soil with high clay content 
and amended with peat. Although the survival of SDF20 in low and high organic 
matter clay soil increased when wheat plants were present (Figure 2.4b) in 
comparison to soil without plants (Figure 2.4a), the production of ethanol was 
not detectable when plants were present. The survival of SDF20 and production 
of ethanol was expected to increase because of carbon inputs for plant roots. 
Inability to detect ethanol in the headspace of soil microcosms when plants were 
present suggested that plants roots and soil bacteria may modify ethanol 
produced by SDF20. Carbon inputs from plant roots can modify the bacterial 
community in soil (Gilbert et al. 1993) such that ethanol produced by SDF20 was 
metabolized (Brock and Madigan 1991, Burdick and Mendelssonn 1990). The 
next step in evaluating the release of SDF20 into natural environments will be to 
determine whether this GEM can result in ecological effects without expressing 
its novel function. 62 
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Abstract.  The soil foodweb community was altered and wheat plants died 
following the introduction of genetically engineered Klebsiella planticola  SDF20 
to low organic matter, sandy-grassland soil.  Alterations to the soil foodweb 
structure were more severe when SDF20 was added to soil with plants as 
compared to soil without plants. When SDF20 was added to soil with plants, a 
significant increase  in the number of bacterial-feeding and fungal-feeding 
nematodes coincided with the death of plants.  In contrast, when the parent 
strain, SDF15 was added to soil with plants, the number of bacterial-feeding 
nematodes significantly increased, but the plants did not die.  In this study, it 
was apparent that the introduction of SDF20 in soil with plants did not impact the 
stability of ecosystems through the same mechanisms as in soil without plants. 67 
3.1 Introduction 
Doyle et al. (1995) reviewed the potential for the release of genetically 
engineered microorganisms (GEMs) to disturb microbial populations in natural 
environments. They suggested that the effects of GEMs on ecosystems need to 
be assessed by monitoring organisms and trophic interactions in environments 
to which GEMs may be released.  Doyle et al.  (1995) also suggest that 
ecological effects induced by introduced GEMs can be detected by monitoring 
the condition of organisms at the numerous trophic levels, e.g., plant health and 
microbiota.  In this study, four trophic levels within the soil foodweb were 
monitored after introduction of genetically engineered Klebsiella planticola 
SDF20 to low organic matter sandy soil to assess ecological effects. 
Klebsiella planticola SDF20 was genetically engineered to produce 
ethanol from agricultural residues in fermentors (Feldmann et al. 1989, To lan 
and Finn 1987).  After removal of ethanol from the fermentor, the remaining 
residue, which includes viable bacteria, could be used as an organic amendment 
for agronomic fields. Although direct effects to soil biota from ethanol production 
(0.2%) by SDF20 might or might not occur (Holmes et al., 1995a),  this GEM 
might also alter soil foodwebs, nutrient cycling processes and plant growth, even 
without expression of its novel function. 
When GEMs are released into soil, their survival and resulting effects 
may depend on physical, chemical and biological properties within a competitive 68 
environment.  Klebsiella planticola SDF20 was selected for this study because 
many strains of K. planticola occur naturally in soil (Paul and Clark 1989, Killham 
1994), and this GEM would be likely to survive and grow when released into 
fields.  The parent (SDF15) and GEM (SDF20) strains of K. planticola were 
introduced into low organic matter sandy-grassland soil to assess the ability of 
these introduced bacteria to survive with indigenous microbiota present and 
natural resources in soil.  In addition to the competitive stress imposed on 
introduced bacteria, the introduced bacteria must escape the voracious grazing 
activity of protozoa and nematodes in this sandy soil that contained large pore 
sizes and thus few protective microsites for bacterial refuge from these predators 
(Ingham 1994, Austin et al. 1990). 
Soil organisms are known to be important to ecological processes such as 
nutrient cycling, plant-microbe interactions, and ecosystem stability (Hunt et al. 
1987, Ingham et al. 1986). Biotic interactions of functional groups within the soil 
foodweb in non-sterile soil were used to "predict real world scenarios" that might 
occur if similar types of effects are observed after SDF20 is released into a 
natural environment. 
Spring wheat (Triticum aestivum L.) was planted  in  half the  soil 
microcosms to evaluate the importance of carbon inputs from plant roots to the 
survival of SDF20 and to assess resulting ecological effects.  Gilbert et al. 
(1993) demonstrated that the presence of plant roots increased the survival of a 
biological control agent, Bacillus cereus UW85 introduced to soil.  Secretions of 69 
low molecular weight compounds such as simple sugars and amino acids from 
plant roots are important inputs to soil for bacteria (Killham 1994, Paul and Clark 
1989, Lynch 1990). As much as 20% of photosynthate produced by crop plants 
is released into the soil by exudation and related processes (Lynch 1990). Plant 
roots also add organic carbon to soil by mucilaginous secretions from the root 
cap and sloughing of root cells during growth. 
The objective of this study was to determine whether alterations to soil 
foodweb organisms after the addition of SDF20 to soil would differ in soil with 
and without plants.  Direct measurements of microbial activity and plant growth 
were used to assess effects, as measured by significant changes to soil foodweb 
organisms and plant growth. The hypothesis was: if genetically engineered K. 
planticola SDF20 is added to non-sterile soil, then soil foodweb organisms and 
plant growth will be altered because SDF20 can survive in soil and therefore 
stimulate significant alterations in soil foodweb organisms and consequently 
alterations in plant growth. 
3.2 Materials and Methods 
Bacterial cultures.  The parent (SDF15) and GEM (SDF20) cultures of K. 
planticola were provided by Dr. Sigrun Feldmann (Institut fur Biotechnologie, 
Federal Republic of Germany).  Recombinant techniques for constructing of 
SDF15 and SDF20 strains were described by Feldmann et al. (1989). Growth 70 
curves under standard conditions and production of ethanol by SDF20 in liquid 
cultures and soil were previously described by Holmes et al. (1995a). 
Soil processing and soil characterization. Low organic matter, sandy loam 
soil from the upper 10 cm depth was collected from Millican, Oregon (Gardone 
series, Aridic Haploxeroll) in 1992. The soil was prepared by sieving through a 
2.0 mm mesh, mixing 5 minutes in a concrete mixer and stored in plastic lined, 
rubber cans in greenhouse conditions for 6 months until use. Three replicate 
soil samples were submitted to Oregon State University Soil Testing Service 
(Corvallis, OR., 97330) for chemical and physical analysis.  Physical, chemical 
and biological characteristics of Millican soil stored 6 months prior to use in this 
study was compared to Millican soil analyzed immediately after collection 
(Ingham et al. 1995). 
Construction of soil microcosms. Soil microcosms were constructed in quart-
size mason jars (Ball Corp., Muncie, IN) and incubated at 25 °C for eight weeks 
with periodic sampling of three replicates from each bacterial treatment, as 
described by Holmes et al. (1995a).  The soil moisture was returned to field 
capacity every other day during the experiment. Half of the autoclaved tap water 
needed to increase soil moisture to field capacity (0.33 bar) was added 72 hours 
before the experiment and allowed to equilibrate with daily mixing.  The 
remaining water needed to increase soil moisture to field capacity was added 71 
before assembling the soil microcosm units (sample day 0).  Bacterial inoculum 
for SDF15 (parent) and SDF20 (GEM) treatments was suspended in the second 
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water addition to yield a final inoculum density of 1x10 colony forming unit 
(CFU) per gram of soil. 
After mixing soil treatments in  plastic bags, two hundred grams of 
inoculated soil was added to mason jars.  One germinated wheat seed was 
added to each planted soil microcosm. The total weight of the soil microcosm 
was recorded on the jar label. Soil moisture lost during incubation was replaced 
with autoclaved tap water by returning the microcosm to its initial weight.  All 
microcosms were incubated under artificial lighting (16 h light; 8 h dark periods) 
at 75 % relative humidity. On each sample date (day 0, wk 1, 2, 3, 8) three 
replicate microcosms per treatment were randomly selected and analyzed for 
soil foodweb organisms and plant growth. 
Survival of K. planticola strains. Survival of SDF15 and SDF20 strains in soil 
was determined by spread plating  soil  dilutions on MacConkey's medium 
(Becton Dickerson Microbiological Systems, Cockeysville, MD) and counting the 
number of colony-forming units after 24h incubation at 30°C. Soil dilution series 
were prepared from the soil contained in microcosms using autoclaved tap water 
(Sigma Chemical Corp., St. Louis, MO).  MacConkey's medium was used to 
recover SDF15 from soil (Atlas 1993).  MacConkey's medium amended with 
antibiotics (25 lig m11 kanamycin and 25 jig  m1-1 chloramphenicol; Sigma 72 
Chemical Corp., St. Louis, MO) was used to recover SDF20 from soil as 
previously described by Holmes et al. (1995a). 
Active and total bacterial biomass.  Active bacterial biomass in soil was 
determined using fluorescein diacetate-stain (FDA, Sigma Chemical Corp., St. 
Louis, MO) and the soil suspension-thin agar film method described by Ingham 
et al. (1984).  The number of FDA-stained bacteria (i.e. active bacteria) was 
determined in five fields per sample.  Direct counts of active bacteria were 
determined in the same agar film prepared for estimating the fungal biomass in 
soil. 
Total bacterial biomass in  soil was determined using the fluorescein 
isothiocyanate (FITC, Sigma Chemical Corp., St. Louis, MO) staining method 
(Babiuk and Paul 1970). An 1:100 soil dilution was stained for 3 minutes with 
0.5 ml of FITC solution (20 p.g m1-1). The total volume was filtered through a 0.2 
[tm pore-size, non-fluorescent (black-stained) Nuclepore filter, and destained 
with 0.5M sodium carbonate and 0.01M pyrophosphate buffers as previously 
described.  After mounting the filter on a slide, the number of fluorescent 
bacteria  in each of ten fields per filter was counted.  The background 
contamination in buffer solutions was assessed by filtering sterile buffer and 
counting fluorescent bacteria on the filter.  These counts (which were normally 
zero) were subtracted from counts obtained on that day's samples. 73 
Active and total fungal biomass. One half ml aliquot of the 1:10 soil dilution 
was prepared to determine active fungal biomass (fluorescein diacetate stained) 
and total fungal biomass by staining for 3 minutes with 0.5 ml of FDA solution in 
0.1M phosphate buffer (pH 6.5). One half ml of 1.5% agar in 0.1M phosphate 
buffer (pH 9.5) was mixed with the FDA-soil suspension, and an aliquot placed 
on a slide with known well depth (Ingham and Klein 1984). The length of FDA-
stained  hyphae  using  epi-fluorescent  microscopy  (Leitz  epi-fluorescent 
microscope), and the length and diameter of all hyphae using differential 
interference contrast microscopy (DIC) were measured and recorded for three 
18-mm lengths transects in each agar film.  This method was determined to be 
superior for estimating fungal biovolumes in litter and soil (Lodge and Ingham 
1991). Background contamination was determined by measuring hyphal lengths 
in sterile phosphate buffer instead of soil suspension. 
Most probable number of protozoa. The most probable number (MPN) of 
protozoa in soil was determined as described by Darbyshire et al. (1974) and 
reviewed by Ingham (1994). One half ml aliquot of each serial dilution prepared 
from soil was placed in each of four wells of a 24-well tissue culture plate. Each 
tissue culture plate was previously prepared by placing a half ml of 10% soil 
extract agar in each well. The inoculated tissue culture plates were incubated at 
room temperature in closed plastic bags (220C).  After 4 to 7 days, each well 
was mixed, an aliquot (e.g. one drop) placed on a microscope slide, and covered 74 
with a glass cover slip.  One transect of the cover slip was made and the 
presence of flagellates, amoebae and ciliates was recorded. The binomial data 
for protozoa were converted to the most probable number of cells per gram dry 
weight (gdw) of soil. 
Enumeration and identification of nematodes.  Subsamples of soil were 
placed in Rapid-Flo milk filters (Filter Fabrics Inc., Goshen, IN).  These filters 
were placed on screens in closed funnels (i.e. Baermann extractors), and water 
added to cover soil and extract nematodes (Anderson et al.  1978).  This 
technique extracts adult and juvenile stages of nematode species. After 5 days, 
extracted nematodes were collected from the bottom of funnels and stored at 
40C until processed. 
Each sample was examined in Rodac plates with grid etched on bottom of 
the dish to facilitate counting.  All nematodes in samples were counted and the 
first 30 nematodes observed were picked for identification.  Nematodes were 
separated into trophic groups based on morphological characteristics used in 
taxonomic classification (Bongers 1989). 
Plant biomass and soil gram dry weight.  All of the planted soil microcosm 
treatments received one wheat seedling (Triticum aestivum L. var. vulgare) at 
day 0 of the experiment, while non-planted soil microcosms did not. On each 
sample date, plants were gently removed from microcosms to determine the root 75 
dry weight and shoot dry weight. Roots were cut from shoots at the crown. The 
root and shoot biomass were oven dried at 110 °C for 24 h (Gardner 1965). The 
soil in each microcosm was thoroughly mixed and five grams of soil removed 
and dried at 110 °C for 24h to determine the gram dry weight (gdw) of soil 
(Gardner 1965). 
Statistical Analysis. Two types of soil microcosms (non-planted and planted) 
were prepared for assessing ecological effects as mediated by soil foodweb 
organisms and plant growth after introduction of SDF20 to soil. Three levels of 
bacterial treatments (uninoculated-control, SDF15-addition and SDF20-addition) 
were applied to each microcosm type. A split plot design was used to compare 
differences in the measurements of soil foodweb organisms within non-planted 
(without plants) and planted (with plants) soil microcosms. 
Outlier values were removed from data after reviewing the distribution of 
raw data values with confidence internals (99%). Residuals of the means were 
plotted against predicted values to examined constant error variance among 
data values. Residual plots showed that a log transformation of raw data values 
was necessary before to analysis of variance testing using SAS (SAS Institute 
Inc.,  Cary, NC).  The least significant difference (Fisher protected) was 
calculated for all bioassays that were significantly different (p=0.01) due to 
bacterial treatments using soil microcosm type and bacterial treatment as error 
terms. 76 
3.3 Results 
Physical characteristics of the stored soil (10/1992) were similar to the 
field soil (3/1990) except for a loss of silt fraction in the stored soil possibly 
because the 3/1990 soil was not sieved and mixed before analysis (Table 3.1). 
The textural classification for both the stored soil and field soil was sandy loam 
(Brady, 1990). 
Three chemical characteristics of the stored soil were different from the 
field soil (Table 3.1).  The nitrate concentration (NO3) in the stored soil was 
higher, while phosphorous (P) and calcium (Ca) concentrations in the stored soil 
were lower than P and Ca concentrations in the field soil.  In addition, the stored 
soil was drier than the field soil. 
Biological characteristics in the stored soil and field soil were different 
(Table 3.1).  The active bacterial biomass, total bacterial biomass and active 
fungal biomass in the stored soil were higher than the field soil. The number of 
flagellates and amoebae in the stored soil also were higher than in the field soil. 
Although some physical and chemical characteristics of the stored soil were 
similar to the field soil, differences in these biological characteristics of the two 
soils indicate that experimental results after adding the GEM to stored soil might 
not represent results if the GEM was added to field soil. 77 
Table 3.1: Characteristics of field and stored soils from Millican, OR. 
Soil Characteristic  Date of Analysis 
3/1990a  10/1992 
% Sand  74.0 (1.7)b  82.4 (0.1) 
% Silt  22.0 (2.1)  14.3 (0.1) 
Clay  (0.6) 4.0  3.2 (0.2) 
NH4-N (lig g-1)  (0.1) 2.1  2.4 (0.2) 
NO3-N (lig g-1)  (0.3) 9.7  32.2 (0.3) 
P (ig V  (1.0) 31.0  14.6 (0.5) 
Ca (pg g-1)  (0.3) 5.4  4.3 (0.1) 
% H2O (gravimetric)  (0.2) 15.2  9.9 (0.1) 
active bacterial biomass (pg gdw-1)  0.023  1.7 (0.1) 
total bacterial biomass (lig gdw-1)  0.94  30.49 (0.2) 
active fungal biomass (pg gdw-1)  0.89  2.7 (0.4) 
total fungal biomass (pg gdw-1)  37.1  8.2 (0.4) 
flagellates (# gdw-1)  1500  302164 (27089) 
amoebae (# gdw-1)  5270  57190 (7597) 
gdw=gram dry weight 
afrom Ingham et al. 1995 
bstandard error of the means of three replicates 78 
Survival of the parent (SDF15) and GEM (SDF20) strains decreased 
during 8 weeks incubation (Figure 3.1).  Survival of SDF15 was significantly 
higher than that of SDF20 on most sample dates. During week 2, the survival of 
K. planticola strains the in non-planted soil significantly decreased while the 
survival of K. planticola strains in the planted soil remained similar to week 1. 
During week 3, the survival of K. planticola strains in planted soil significantly 
decreased while survival of K. planticola strains in non-planted soil remained 
similar to week 2.  After week 3, the survival of K. planticola strains gradually 
decreased in soil with and without plants. Colony forming units (CFU) of lactose 
fermenting bacteria were not recovered from the uninoculated, control soil 
treatments.  During 8 weeks incubation, the survival of K. planticola strains 
decreased from log 8 CFU gdw-1 to less than log 2 CFU gdw-1 of soil. 79 
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Figure 3.1: The survival of K. planticola strains in nonplanted and planted soil. 
The standard errors of the means are indicated by the bars. 
Active bacterial biomass in non-planted SDF15 treatment significantly 
decreased during week 1 (Figure 3.2a). During week 2, active bacterial biomass 
in non-planted control and SDF15 treatments significantly increased, while 
active bacterial biomass in  the non-planted SDF20 treatment significantly 
decreased. Active bacterial biomass in the non-planted control (3.2 gg gdw-1) 
and SDF15 (3.5 gg gdw-1) treatments remained significantly higher than in the 
SDF20 treatment (1.5 gg gdw-1) after week 2. Active bacterial biomass remained 
constant in non-planted soil treatments (i.e., without plants) after week 3 of the 
experiment. 
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Figure 3.2a: Active bacterial biomass in non-planted soil treatments. The least 
significant difference is indicated by the bar (130.01). 
Active bacterial biomass in the planted control and SDF20 treatments 
significantly increased during week 2 (Figure 3.2b).  During week 3, active 
bacterial biomass in the planted control treatment significantly decreased. After 
week 3, active bacterial biomass in planted control (2.5 p.g gdw-1) and SDF15 
(1.9 lig gdw-1) treatments remained constant, while active bacterial biomass in 
the planted SDF20 treatment significantly decreased from 3.1 to 1.6 jig gdw-1. 
However, the active bacterial biomass in the SDF20 inoculated soil with plants 
was not significantly different from other planted treatments (i.e., control and 
SDF15) during 8 weeks of incubation. 81 
5 
L  planted control 
Isd 
planted SDF15 4 
planted SDF20 
3 
1 
0 I I I  1 1 1 1 
0  1  2 3 4 5 6 7 8 
Time (wk) 
Figure 3.2b: Active bacterial biomass in planted soil treatments. 
An initial decrease of total bacterial biomass during the first 3 weeks was 
followed by an increase in soil treatments without plants (Figure 3.3a).  At the 
end of the experiment, total bacterial biomass in the non-planted SDF15 (42 lag 
gdw-1) and SDF20 (47 lig gdw-1) treatments was significantly higher than in the 
control treatment (27 i.tg gdw-1). 82 
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Figure 3.3a: Total bacterial biomass in non-planted soil treatments. 
Total bacterial biomass in soil with plants was not significantly different on 
each sample date (Figure 3.3b).  Total bacterial biomass in soil with plants 
rapidly decreased during week 1.  Although there was a significant increase of 
total bacterial biomass in the control treatment (5.0 to 55 [tg gdw 
1 ) after week 3, 
the total bacterial biomass between bacterial treatments was not significantly 
different. 83 
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Figure 3.3b: Total bacterial biomass in planted soil treatments. 
Active fungal biomass in soil with and without plants was not significantly 
different between bacterial treatments on each sample date (Table 3.2). During 
week 3, active fungal biomass in the non-planted control treatment increased 
from 0.26 to 6.63 i_tg gdw-1, followed by a gradual decrease.  Active fungal 
biomass in the planted control and SDF20 treatments rapidly decreased during 
week 1.  During week 2, active fungal biomass in the planted SDF15 treatment 
rapidly decreased (Table 3.2).  During week 3, active fungal biomass in the 
planted SDF20 treatment rapidly increased, followed by a gradual decrease over 
the next 5 weeks of the experiment. 84 
Table 3.2: Treatment means for active and total fungal biomass measured in 
micrograms per gram dry weight of soil.  The means were not significantly 
different between bacterial treatments for each sample date (p..0.01). 
Sample Dates 
Assay  Treatment  day 0  wk 1  wk 2  wk 3  wk 8 
active fungal  n-p control  1.13  1.43  0.26  6.63  0.99 
biomass  n-p SDF15  1.85  2.07  3.05  1.56  0.33 
n-p SDF20  2.22  3.35  0.25  1.20  1.25 
p control  3.38  1.13  0  0.97  0.37 
p SDF15  2.94  3.05  0.03  1.94  1.61 
p SDF20  4.44  0.33  0.03  3.34  0.12 
total fungal  n-p control  7.17  7.12  6.53  16.73  5.37 
biomass  n-p SDF15  7.27  9.28  6.87  18.16  4.86 
n-p SDF20  9.05  7.95  4.03  9.17  5.68 
p control  9.02  3.58  1.46  8.27  6.85 
p SDF15  7.43  7.56  6.37  8.61  3.36 
p SDF20  9.61  4.59  5.30  10.64  2.86 
n-p=non-planted microcosm treatments 
p=planted microcosm treatments 
Total fungal biomass in soil treatments with and without plants was not 
significantly different (Table 3.2).  During week 3, total fungal biomass in the 
non-planted control and SDF15 treatments rapidly increased, but decreased 
during the following 5 weeks. The increase of total fungal biomass in the non­85 
planted SDF20 treatment was less than other soil treatments.  During week 1, 
total fungal biomass in the planted control and SDF20 treatments decreased. 
During week 2, total fungal biomass in the planted control treatment continued to 
decrease. During week 3, total fungal biomass in planted microcosm treatments 
increased.  After week 3, total fungal biomass in the SDF15 and SDF20 
treatments gradually decreased. 
The number of protozoa  in  soil  with and without plants was not 
significantly different between bacterial treatments on each sample date. During 
week 1, the number of flagellates  in the non-planted control and SDF15 
treatments significantly decreased (Table 3.3). The number of flagellates in the 
non-planted SDF20 treatment also decreased during week 1 to a lesser degree, 
but increased during week 2 and week 3. After week 3, the number of flagellates 
in the non-planted SDF20 treatment decreased. The number of flagellates in the 
planted SDF15 and SDF20 treatments significantly decreased during the first 3 
weeks. The number of flagellates in planted control treatment decreased during 
week 1, followed by an increase during week 2 and week 3.  After week 3, the 
number of flagellates in the planted SDF15 treatment gradually increased. 86 
Table 3.3: Treatment means for number of protozoa per gram dry weight of soil. 
The means were not significantly different between bacterial treatments on each 
sample date (ip0.01). 
Sample Dates 
Assay	  Treatment  day 0  wk 1  wk 3  wk 8 
flagellates	  n-p control  315726  3611  95684  32125 
n-p SDF15  369037  623  58777  22865 
n-p SDF20  228290  65520  193640  32216 
p control  379313  334952  47855  177914 
p SDF15  201791  44578  182268  203176 
p SDF20  318831  208396  12950  20806 
amoebae	  n-p control  55000  56  42  184 
n-p SDF15  70996  362  1231  118 
n-p SDF20  55000  857  422  275 
p control  45985  6709  112  227 
p SDF15  61161  3099  1883  738 
p SDF20  55000  640  163  362 
n-p=non-planted microcosm treatments 
p=planted microcosm treatments 
The number of amoebae in  soil  with and without plants was not 
significantly different between bacterial treatments on each sample date. During 
week 1, the number of amoebae in all soil microcosm treatments significantly 
decreased and remained low throughout the experiment (Table 3.3).  The 87 
significant decrease in soil amoebae during week 1 occurred in both non-planted 
and planted soil treatments. 
The number of nematodes in soil without plants was not significantly 
different between bacterial treatments on each sample date.  The number of 
nematodes in the non-planted control and SDF20 treatments decreased during 
the first three weeks (Figure 3.4a).  The number of nematodes in the non-
planted SDF15 treatment decreased during week 1, increased during week 2, 
and decreased during week 3 of the experiment. 
The nematode community in  soil with plants responded to bacterial 
treatments after 2 weeks incubation (Figure 3.4b). During week 3, nematodes in 
the SDF20 treatment (0.6 nematodes gdw-1) significantly increased compared to 
the control (0.1 nematodes gdw-1) and SDF15 (0.3 nematodes gdw-1) treatments. 
The increases of soil nematodes in the SDF20 treatment consisted of fungal-
feeding (Aphelenchus sp.) and bacterial-feeding (Acrobeloides sp.) genera. The 
increase of soil nematodes in the SDF15 treatment consisted of a bacterial-
feeding genus (Acrobeloides). After week 3, bacterial-feeding nematodes in the 
SDF15 treatment continued to increase (0.5 nematodes gdw-1), while nematodes 
in the SDF20 treatment significantly decreased (0.3 nematodes gdw-1).  At the 
end of the experiment, the number of nematodes in the SDF15 treatment was 
significantly higher than the control treatment. 88 
0.6 
A non-planted control 
0.5  non-planted SDF15 
non-planted SDF20 Isd 0.4 
0.3 
0.2 
0.1
 
0  1 
0  1 2 3 4 5  6 7 
Time (wk) 
Figure 3.4a: Number of nematodes in non-planted soil treatments. 89 
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Figure 3.4b: Number of nematodes in planted soil treatments. 
During week 2, the plant shoot biomass in SDF15 and SDF20 inoculated 
treatments was significantly reduced in comparison to the uninoculated, control 
treatment (Figure 3.5).  This showed that a significantly lower amount of plant 
resources were allocated to shoot development in the SDF15 and SDF20 
treatments.  Wheat plants in the SDF15 and SDF20 inoculated treatments 
produced 34-fold and 24-fold (respectively) more root than shoot biomass as 
compared to 8-fold more root biomass produced by plants in the control 90 
treatment. After week 2, plants in the SDF15 and SDF20 inoculated treatments 
were similar to control.  However by the end of the experiment, plants in the 
SDF20 treatment were chlorotic and wilting, while plants in the control and 
SDF15 treatments were flowering. The shoot biomass of plants in the SDF20 
treatment was significantly less than shoot biomass of plants in the control and 
SDF1 5 treatments. 
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Figure 3.5: Ratio of root biomass to shoot biomass of plants in planted soil 
treatments. 91 
3.4 Discussion 
Significant effects that altered soil foodweb organisms and plant growth 
were associated with the introduction of SDF20 into soil. Results from this study 
demonstrated the importance of using experimental test systems with biological 
interactions present and direct measurements of soil foodweb organisms to 
assess the addition of genetically engineered microorganisms (GEMs) to soil. 
Addition of substrates for bacterial growth are also crucial in assessing GEM 
effects in soil such that ecological effects associated with the addition of this 
GEM to soil without plants were not detected. 
The survival of GEMs in soil may rely on readily available carbon such as 
root exudates (Liljeroth et al. 1990) or an exotic carbon source added to soil 
along with the GEM inoculum (Colbert et al. 1993). During week 2, the survival 
of SDF20 improved in soil with plants, while the activity of all soil bacteria 
increased (Figure 3.2b). This demonstrated the ability of SDF20 to colonize soil 
and survive for a short period of time with indigenous soil bacteria present. 
Assuming that rapidly growing plant roots add labile carbon to the soil (Killham 
1995), the increased survival of SDF20 was apparently due to carbon inputs 
from plant roots. 
The exponential decrease of introduced bacteria in non-planted soil was 
similar to previous studies on the survival of GEMs in test systems without plants 
(Doyle and Stotzky 1993, Short et al. 1990, Rattray et al. 1992). However, the 
survival of K. planticola strains was measurable after 8 weeks incubation, unlike 92 
introduced Escherichia coli strains that were undetectable 3 weeks after 
inoculation into soil (Doyle and Stotzky 1993). The ability of SDF20 to persist in 
soil was expected because this bacterium was genetically engineered from a 
bacterium that occurs naturally in soil (Killham 1994). 
The addition of K. planticola SDF15 and SDF20 to soil with plants 
significantly altered to the nematode community structure, a change that was not 
observed in the uninoculated, control treatment with plants (Figure 3.4b) or soil 
treatments without plants (Figure 3.4a).  Increases of nematodes following the 
addition of SDF20 to soil with plants might increase nutrient cycling processes 
because the grazing activity of soil nematodes on microbiota can increase the 
availability of nitrogen in soil (Ingham et al. 1986).  However, an increase in 
fungal-feeding nematodes associated with the addition of SDF20 can also 
deplete beneficial microbiota from the rhizosphere and decrease nitrogen 
retention in soil (Freckman 1988, Ingham 1985). 
The death of wheat plants associated with the addition of SDF20 to soil 
showed the potential for this GEM to result in significant ecological effects. After 
a significant increase in fungal-feeding nematodes during week 3, shoot growth 
stopped in soil inoculated with SDF20 and the plants began to die (Figure 3.5), 
although the mechanism was not clear by which the addition of SDF20 resulted 
in plant death. The death of plants in the SDF20 treatment was attributed to a 
significant increase of fungal-feeding nematodes because an increase of 93 
bacterial-feeding nematodes in soil inoculated with SDF15 did not result in plant 
death. 
The results from this study support the review by Doyle et al. (1995) that 
alterations in microbial processes after the introduction of GEMs needs to be 
evaluated across numerous trophic groups organisms.  Ecological effects 
induced by the introduction of SDF20 can be assessed by monitoring microbial 
components of the soil foodweb in addition to plant health. Other soil foodweb 
organisms such as plant symbionts, microarthropods and earthworms need to be 
included in the monitoring process to more completely assess ecological effects 
associated with the introduction of GEMs in soil. 
The addition of SDF20 to soil with and without plants yielded different 
ecological effects as mediated by soil foodweb organisms.  If similar alterations 
in soil foodweb organisms occur in field environments after the introduction of 
SDF20, plant growth and nutrient cycling processes would most likely be 
affected.  Soil microcosms with plants that include biological interactions and 
direct measurements of soil foodweb organisms were important for evaluation of 
ecological effects. 94 
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Chapter 4: Influence of Soil Organic Matter on the Survival of Genetically 
Engineered Klebsiella planticola SDF20 and Associated Ecological Effects. 
I. Addition of SDF20 to low and high organic matter sandy soils. 
Michael T. Holmes and Elaine R Ingham 
Oregon State University, Department of Botany and Plant Pathology, Corvallis, 
OR 97331-2902 
Abstract.  Soil organic matter that can influence the survival of genetically 
engineered microorganisms (GEMs) will vary in natural environments.  It  is 
essential to investigate if soil organic matter can alter the severity of ecological 
effects before granting permits to release GEMs in multiple sites.  Klebsiella 
planticola SDF20, that was genetically engineered to produce ethanol as an 
alternative fuel, was added to low and high organic matter sandy-grassland soil 
to assess its survival and potential ecological effects.  Soil microcosm units and 
direct analysis of microbial activity were used to assess the survival of SDF20 in 
soil and ecological effects as mediated by soil foodweb organisms. The addition 
of SDF20 to soil significantly altered bacterial biomass, nematode populations 
and colonization of plant roots by vesicular-arbuscular mycorrhizal fungi. These 
results showed the potential of SDF20 to stimulate a response from soil foodweb 
structure that could negatively affect nutrient cycling processes. 100 
4.1 Introduction 
Field test permits have been granted by member states of the European 
Union for the release of genetically engineered organisms that include their 
release into multiple sites with different environmental conditions (van der Meer 
1995).  Klebsiella planticola (SDF20) was genetically engineered to produce 
ethanol from agricultural residues in fermentors (Feldmann et al. 1987, Tolan 
and Finn 1987).  Following approved release, the remaining residue, that 
includes viable SDF20 bacteria could be spread onto agronomic fields with 
varying soil conditions as organic amendment. In a previous study, the addition 
of SDF20 to low organic matter sandy soil was associated with an increase in 
the number of soil nematodes and a decrease in plant growth, that eventually 
lead to plant death (Holmes et al. 1995b). An increase in the soil organic matter 
content might affect the survival of SDF20 and result in other effects to soil 
foodweb organisms and plant growth. 
Organic inputs to soil from plant growth processes and decomposition of 
plant, animal and microbial biomass are at the base of the soil foodweb (Hunt et 
al. 1897). The quality and quantity of organic inputs have been shown to alter 
populations of soil microbiota (Lynch 1990, Paul and Clark 1989, Charholm 
1985), and possibly increase the survival of introduced bacteria (Gilbert et al. 
1993). Some bacteria like Klebsiella planticola utilize a wide range of simple 
carbon substrates that occur in plant biomass (Paul and Clark 1989, Killham 
1994, Bagley et al. 1981). 101 
To increase the carbon availability for the survival of introduced bacteria, 
spring wheat plants and peat were added to low organic matter, sandy-grassland 
soil.  The low organic matter soil was amended with peat to produce a high 
organic matter soil, then SDF20 was added to low and high organic matter soils 
and planted with spring wheat. The carbon inputs from plant roots consist of 
more labile compounds such as simple sugars and amino acids (Lynch 1990). 
The peat amendment added more recalcitrant carbon to the soil such as 
cellulose and lignin. 
The survival of GEMs in soil can depend on carbon availability (Colbert et 
al. 1993, Trevors and Grange 1992, van Elsas 1992).  In soil with low organic 
matter content, introduced bacteria must compete with indigenous microbiota for 
limited resources and consequently, survive in a starved state.  Trevors and 
Grange (1992) showed that the survival of genetically engineered Pseudomonas 
flourescens may improve in sandy soil amended with peat.  In this study, the 
peat amendment added to soil could reduce competition for substrate by the 
GEM with indigenous microbiota and improve the survival of SDF20. 
The objective of this study was to evaluate the survival of SDF20 and 
ecological effects associated with additions of SDF20 using  low and high 
organic matter sandy soils. The hypothesis was: if SDF20 is added to soil with 
high organic matter content, then the number of ecological effects will increase 
because the survival of SDF20 will improve in soil with higher organic matter 
content thereby triggering more ecological effects.  If the number and type of 102 
ecological effects associated with the addition of SDF20 are independent of soil 
organic matter content, then the increase in soil organic matter content will not 
improve the survival of SDF20 in soil and trigger significant effects as mediated 
by soil foodweb organisms. 
4.2 Materials and Methods 
Bacterial cultures.  The parent (SDF15) and GEM (SDF20) cultures of K. 
planticola were provided by Dr. Sigrun Feldmann (Institut fur Biotechnologie, 
Federal Republic of Germany).  Recombinant techniques for constructing of 
SDF15 and SDF20 strains were described by Feldmann et al. (1989). Growth 
curves under standard conditions and production of ethanol by SDF20 in liquid 
cultures and soil were previously described by Holmes et al. (1995a). 
Soil processing and soil characterization. Low organic matter, sandy loam 
soil was collected from Millican, Oregon (Gardone series, Aridic Haploxeroll) in 
1992 and prepared by sieving through a 2.0 mm mesh, mixing 5 minutes in a 
concrete mixer and stored in plastic lined, rubber cans in greenhouse conditions 
for 14 months until use. Only the upper 5-10 cm of soil was collected at the site. 
Three replicate soil samples were submitted to Oregon State University Soil 
Testing Service (Corvallis, OR, 97330) for chemical and physical analysis. 103 
The low organic matter sandy-grassland soil was amended with Canadian 
sphagnum peat moss to produce the high organic matter sandy soil. The high 
organic matter sandy soil was produced by mixing 9 parts low organic matter soil 
with 1  part sphagnum peat by weight as previously described (Holmes et al. 
1995a). Three replicate soil samples were submitted to Oregon State University 
Soil Testing Service (OSU, Corvallis OR, 97331) for chemical and physical 
analysis. The physical, chemical and biological characteristics were compared 
for low organic matter sandy soil that was stored for 6 months (Holmes et al. 
1995b), the same low organic matter sandy soil used in this study that was 
stored for 14 months and the high organic matter soil. 
Construction of soil microcosms. Soil microcosms were constructed in quart-
size mason jars (Ball Corp., Muncie, IN) and incubated at 25 °C for seven weeks 
with periodic sampling of three replicates from each bacterial treatment, as 
described by Holmes et al. (1995a, 1995b). Half of the autoclaved tap water 
needed to increase soil moisture to field capacity (0.33 bar) was added 72 hours 
before the experiment and allowed to equilibrate with daily mixing.  The 
remaining water needed to increase soil moisture to field capacity was added 
before assembling the soil microcosm units (sample day 0).  The bacterial 
inoculum for SDF15 (parent) and SDF20 (GEM) treatments was suspended in 
7
the second water addition to yield a final inoculum density of 1x10 colony 
forming unit (CFU) per gram of soil. 104 
After mixing soil treatments in  plastic bags, two hundred grams of 
inoculated soil was added to mason jars.  One germinated wheat seed was 
added to each microcosm. The total weight of the soil microcosm was recorded 
on the jar label.  Soil moisture lost during incubation was replaced with 
autoclaved tap water by returning the microcosm to its initial weight every other 
day. All microcosms were incubated under artificial lighting (16 h light; 8 h dark 
periods) at 75 % relative humidity.  On each sample date, three replicate 
microcosms per treatment were randomly selected for analysis of the survival of 
introduced bacteria, soil foodweb organisms and plant growth. 
Survival of K. planticola strains. Survival of SDF15 and SDF20 strains in soil 
was determined by spread plating soil  dilutions on MacConkey's medium 
(Becton Dickerson Microbiological Systems, Cockeysville, MD) and counting the 
number of colony-forming units after 24 h of incubation at 30°C.  Soil dilution 
series were prepared from the soil in microcosms using autoclaved tap water 
(Sigma Chemical Corp., St. Louis, MO).  MacConkey's medium was used to 
recover SDF15 from soil (Atlas 1993).  MacConkey's medium amended with 
antibiotics (25 pg  m1-1 kanamycin and 25 pg m1-1 chloramphenicol; Sigma 
Chemical Corp., St. Louis, MO) was used to recover SDF20 from soil as 
previously described by Holmes et al. (1995a, 1995b). 105 
Active and total bacterial biomass.  Active bacterial biomass in soil was 
determined using fluorescein diacetate-stain (FDA, Sigma Chemical Corp., St. 
Louis, MO) and the soil suspension-thin agar film method described by Ingham 
et al. (1984).  The number of FDA-stained bacteria (i.e. active bacteria) was 
determined in five fields per sample.  Direct counts of active bacteria were 
determined in the same agar film prepared for estimating the fungal biomass in 
soil. 
Total bacterial biomass in  soil was determined using the fluorescein 
isothiocyanate (FITC, Sigma Chemical Corp., St. Louis, MO) staining method 
(Babiuk and Paul 1970). An 1:100 soil dilution was stained for 3 minutes with 
0.5 ml of FITC solution (20 µg m1-1). The total volume was filtered through a 0.2 
Jim pore-size, non-fluorescent (black-stained) Nuclepore filter, and destained 
with 0.5M sodium carbonate and 0.01M pyrophosphate buffers as previously 
described.  After mounting the filter on a slide, the number of fluorescent 
bacteria in each of ten fields per filter was counted. Background contamination 
in  buffer solutions was assessed by filtering  sterile  buffer and counting 
fluorescent bacteria on the filter. These counts (which were normally zero) were 
subtracted from counts obtained on that day's samples. 
Active and total fungal biomass. One half ml aliquot of the 1:10 soil dilution 
was prepared to determine active fungal biomass (fluorescein diacetate stained) 
and total fungal biomass by staining for 3 minutes with 0.5 ml of FDA solution in 106 
0.1M phosphate buffer (pH 6.5). One half ml of 1.5% agar in 0.1M phosphate 
buffer (pH 9.5) was mixed with the FDA-soil suspension, and an aliquot placed 
on a slide with known well depth (Ingham and Klein 1984). The length of FDA-
stained hyphae (i.e. active hyphae) using epi-fluorescent microscopy (Leitz epi­
fluorescent microscope), and the length and diameter of all hyphae were 
measured and recorded for three 18-mm transects in each agar film using 
differential interference contrast microscopy (DIC). This method was determined 
to be superior for estimating fungal biovolumes in litter and soil (Lodge and 
Ingham 1991). Background contamination was determined by measuring hyphal 
lengths in sterile phosphate buffer instead of a soil suspension. 
Most probable number of protozoa. The most probable number (MPN) of 
protozoa in soil was determined as described by Darbyshire et al. (1974) and 
reviewed by Ingham (1994).  One half ml aliquot of each serial  dilution 
previously prepared from soil was placed in each of four wells of a 24-well tissue 
culture plate.  Each tissue culture plate was previously prepared by placing a 
half ml of 10% soil extract agar in each well.  The inoculated tissue culture 
plates were incubated at room temperature in closed plastic bags (220C). After 
4 to 7 days, each well was mixed, an aliquot (e.g. one drop) placed on a 
microscope slide, and covered with a glass cover slip. One transect of the cover 
slip was made and the presence of flagellates and amoebae was recorded. The 107 
binomial data for protozoa were converted to the most probable number of cells 
per gram dry weight (gdw) of soil. 
Enumeration and identification of nematodes.  Subsamples of soil were 
placed in Rapid-Flo milk filters (Filter Fabrics Inc., Goshen, IN).  These filters 
were placed on screens in closed funnels (i.e. Baermann extractors), and water 
added to cover soil and extract nematodes (Anderson et al.  1978).  This 
technique extracts adult and juvenile stages of nematode species. After 5 days, 
extracted nematodes were collected from the bottom of funnels and stored at 
40C until processed. 
Each sample was examined in Rodac plates with grid etched on the 
bottom to facilitate counting.  All nematodes in samples were counted and the 
first 30 nematodes observed were picked for identification.  Nematodes were 
separated into trophic groups based on morphological characteristics used in 
taxonomic classification (Bongers 1989). 
Vesicular-Arbuscular Mycorrhizal (VAM) Colonization. Subsamples of fresh 
plant roots were cleared and stained with trypan blue to determine the percent 
colonization by VAM fungi.  Roots were cleared in 10% KOH for 20 minutes 
before staining.  After rinsing the roots in sterile phosphate buffer, roots were 
stained in 0.5% trypan blue overnight, then cleared in lacto-glycerin and stored 
at 40C until processed. 108 
An estimate of the percent VAM colonization  of  plant  roots was 
determined by the presence of VAM fungal structures in twenty five, 2-mm root 
segments. Roots were examined for the presence of fungal vesicles, arbuscules 
and hyphae within the root cortex region. 
Plant biomass and soil gram dry weight. All the soil microcosms received one 
wheat seedling (Triticum aestivum L. var. vulgare) at day 0 of the experiment. 
On each sample date,  plants were gently removed from microcosms to 
determine the root dry weight and shoot dry weight. Roots were cut from shoots 
at the crown. The root and shoot biomass were oven dried at 110°C for 24 h 
(Gardner 1965).  The soil in each microcosm was thoroughly mixed and five 
grams of soil removed and dried at 110°C for 24 h to determine the gram dry 
weight (gdw) of soil (Gardner 1965). 
Statistical Analysis. Two types of soils (low and high organic matter sandy 
soils) were prepared for assessing ecological effects as mediated by soil 
foodweb organisms and plant growth after the addition of SDF20 to soil. Three 
levels of bacterial treatments (uninoculated-control, SDF20-addition and SDF20­
addition) were applied to each soil type. Outlier values were removed from the 
data set after reviewing the distribution of raw data values with confidence 
internals (99%). Residuals of the means were plotted against predicted values 
to examined constant error variance among data values. The residual plots 109 
showed that a log transformation of raw data values was necessary before 
analysis of variance testing using SAS (SAS Institute Inc., Cary, NC). The least 
significant difference (Fisher protected) was calculated for all bioassays that 
were significantly different (130.01) due to bacterial treatments. 
4.3 Results 
The low and high organic matter soils were classified as sandy by their 
physical characteristics (Brady, 1990). The chemical characteristics of the two 
soils were different (Table 4.1). The peat amendment added to the low organic 
soil increased the nutrient content of all measured parameters. The soil pH in 
the peat amended soil was lower than the unamended soil.  In addition, the 
water content in the peat amended soil was higher than in the unamended soil. 
The total bacterial biomass, active and total fungal biomass, and number 
of protozoa were higher in the low organic matter sandy soil stored for 6 months 
compared to the low organic matter soil stored for 14 months (Table 4.2). 110 
Table 4.1: Characteristics of soil collected from the Millican Limited use area and 
Millican soil amended with Canadian sphagnum peat. 
Characteristic 
% Sand 
% Silt 
% Clay 
% OM 
Soil pH 
CECa (meq/100 g) 
NH4-N (lig g-1) 
NO3-N (jig g-1) 
P (ig g') 
K (lig g-1) 
Ca (fig g-1) 
Mg  g') 
H2O (gravimetric) at 0.33 bar 
aCation Exchange Capacity 
Soil Type 
low OM sand 
82.4 (0.1)b 
14.3 (0.1) 
3.2 (0.2) 
1.7 (0.05) 
6.2 (0.03) 
8.64 (0.3) 
2.4 (0.2) 
32.2 (0.3) 
14.6 (0.5) 
357.7 (4.3) 
4.3 (0.1) 
1.3 (0.03) 
9.9 (0.1) 
high OM sand 
80.7 (0.7) 
13.3 (0.5) 
5.9 (0.6) 
4.7 (0.3) 
4.7 (0.03) 
15.6 (0.9) 
13.4 (0.6) 
54.0 (2.8) 
22.3 (0.9) 
391.3 (10.4) 
8.0 (0.6) 
2.7 (0.1) 
20.1 (1.1) 
bstandard error of the means of three replicates 
The number of nematodes in the low organic matter soil stored for 14 
months was higher than in the same soil stored for 6 months.  In addition, a 
higher percentage of bacterial-feeding nematodes occurred in the low organic 111 
matter soil stored for 6 months, but a higher percentage of fungal-feeding 
nematodes occurred in the low organic matter soil stored for 14 months (Table 
4.2). 
Table 4.2: Comparison of the density of soil foodweb organisms in soil stored for 
6 months (Holmes et al. 1995b) and 14 months. 
Soil type and sample date 
Soil organism  LOMc: 10/1992  LOM: 6/1993  HOMd: 6/1993 
active bacterial biomassa  1.7 (0.1)b  2.48  2.53 
total bacterial biomassa)  30.49 (0.2)  9.17  11.42 
active fungal biomassa)  2.7 (0.4)  0.25 (0.2)  6.15 (1.7) 
total fungal biomassa)  8.2 (0.4)  5.5 (0.4)  26.2 (2.6) 
flagellates (# gdw-1)  302164 (27089)  3679 (440)  4362 (637) 
amoebae (# gdw-1)  57190 (7597)  413 (148)  1496 (34) 
nematodes (# gdw-1)  0.23 (0.01)  0.35 (0.01)  1.2 (0.02) 
% bacterial-feeding  66.7  28.6  33.3 
% fungal-feeding  33.3  71.4  66.7 
abiomass measured in lig gdw 
bstandard error of the means of three replicates 
cLOM=low organic matter 
dHOM=high organic matter 112 
The some biological characteristics of the low organic matter soil stored 
for 14 months were different from the high organic matter soil (Table 4.2). Active 
and total fungal biomass, and the number of amoebae were lower in the low 
organic matter soil than in the high organic matter soil. Although the number of 
nematodes in the low organic matter soil was lower than in the high organic 
matter soil, the percentage of bacterial-feeding and fungal-feeding nematodes 
were similar in the low and high organic matter soils. 
Survival of SDF15 and SDF20. The survival of K. planticola SDF20 decreased 
more rapidly than SDF15 in low and high organic matter soils (Figure 4.1). 
Survival of SDF20 in high organic matter soil was lower than in low organic 
matter soil through week 3. The survival of SDF15 remained significantly higher 
than SDF20 until week 5, when the survival of SDF15 in the high organic matter 
soil was similar to the survival of SDF20. After 7 weeks of incubation, SDF15 
and SDF20 decreased from log 7 to log 3 CFU gdw-1. 113 
low OM SDF15 
111-- low OM SDF20 
high OM SDF15 
6 
h  OM SDF20 
5  \Nom 
4 
:5 
3  111110, 
2 
1 
0  i  ,  1  1  i  i  i 
0  1  2  3  4  5  6  7 
Time (wk) 
Figure 4.1: The survival of Klebsiella planticola strains in soil treatments. The 
standard errors of the means are indicated by bars. 
Active and total bacterial biomass.  The active bacterial biomass in low and 
high organic matter soils was not significantly different between bacterial 
treatments on each sample date.  Transient decreases in  active bacterial 
biomass were measured in the low organic matter SDF15 treatment during week 
1, and the low organic matter control treatment during week 3 (Table 4.3). 
Transient increases in active bacterial biomass were measured in the high 
organic matter SDF20 treatment during week 1, and the high organic matter 
control treatment during week 5 (Table 4.3). 114 
Table 4.3: Treatment means for microbial biomass in micrograms per gram dry 
weight of soil.  The means were not significantly different between bacterial 
treatments on each sample date (p5_0.01). 
Time 
Assay  Treatment  day 0  wk 1  wk 2  wk 3  wk 5  wk 7 
active  low OM control  2.48  3.17  1.54  0.91  1.79  1.56 
bacterial  low OM SDF15  2.18  1.50  1.40  3.07  1.41  1.72 
biomass  low OM SDF20  2.16  2.87  1.96  2.57  1.46  0.89 
high OM control  2.53  2.92  2.68  3.52  6.40  3.57 
high OM SDF15  2.92  2.81  3.49  3.04  4.29  3.21 
high OM SDF20  3.56  6.14  3.61  4.78  4.51  3.28 
active  low OM control  0.66  2.27  0.19  0.86  2.49  0.39 
fungal  low OM SDF15  0.05  0.14  0.12  1.56  0.62  0.76 
biomass  low OM SDF20  0  0.07  0.05  0.78  0.74  0.36 
high OM control  9.46  2.10  3.46  18.67  6.48  2.39 
high OM SDF15  4.83  14.97  8.14  4.45  2.24  2.68 
high OM SDF20  4.15  6.36  10.67  12.55  1.10  2.33 
total  low OM control  6.18  6.69  4.06  4.39  5.29  3.28 
fungal  low OM SDF15  5.21  6.12  3.63  7.29  3.48  3.18 
biomass  low OM SDF20  5.03  5.72  4.75  5.82  5.74  3.54 
high OM control  30.1  33.6  13.6  51.8  17.9  12.4 
high OM SDF15  27.3  27.1  29.9  32.9  24.4  18.6 
high OM SDF20  21.2  39.3  26.2  47.0  16.9  14.6 115 
Total bacterial biomass in the low organic matter SDF15 and SDF20 
treatments significantly decreased during the first two weeks of the experiment 
from 16 to 5µg gdw-1 (Figure 4.2a).  During week 5, total bacterial biomass in 
the SDF20 and SDF15 treatments (10 lig gdw-1) was significantly higher than the 
control treatment (4.5 lig gdw-1). The total bacterial biomass in the low organic 
matter control treatment significantly increased after week 5 from 5.2 to 13 lig 
gdw-1. 
A low OM control 
low OM SDF15 
0 low OM SDF20 
0 
0  1  2 3 4 5 6 7 
Time (wk) 
Figure 4.2a: Total bacterial biomass in low organic matter soil treatments. The 
least significant difference is indicated by the bar (p.<1.01). 116 
Total bacterial biomass in the high organic matter soil  significantly 
decreased in all treatments during the first two weeks (Figure 4.2b).  During 
week 3, total bacterial biomass in the SDF15 (22 lig gdw-1) and SDF20 (16 lig 
gdw-1) treatments was significantly higher than in the control (6.5 lig gdw-1) 
treatment.  Total  bacterial biomass  in  the SDF15 treatment significantly 
decreased, while the total bacterial biomass in the control and SDF20 treatments 
increased during week 5.  Total bacterial biomass in the SDF20 treatment was 
significantly higher than the control and SDF15 treatments during week 5. At the 
end of the experiment, the total bacterial biomass in  all treatments was not 
significantly different in the high organic matter soil. 
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Figure 4.2b: Total bacterial biomass in high organic matter soil treatments. The 
least significant difference is indicated by the bar (130.01). 117 
Active fungal and total fungal biomass. Active fungal biomass in the low and 
high organic matter soils was not significantly different between bacterial 
treatments on each sample date.  Transient increases (1.6 lig gdw-1) in active 
fungal biomass were measured in the low organic matter control treatment 
during week 1 and week 5 (Table 4.3). 
Transient changes were measured in the active fungal biomass for high 
organic matter treatments but were not significant (Table 4.3).  During week 1, 
active fungal biomass in the SDF15 treatment increased while the active fungal 
biomass decreased in the control treatment. During the first three weeks, active 
fungal biomass increased in the high organic matter SDF20 treatment.  Active 
fungal biomass in the high organic matter control treatment increased during 
week 3.  The active fungal biomass in the control and SDF20 treatments 
decreased after week 3.  The active fungal biomass in the SDF15 treatment 
decreased after week 1 of the experiment (Table 4.3). 
Total fungal biomass in low and high organic matter soils was not 
significantly different between bacterial treatments on each sample date. Total 
fungal biomass in the low organic matter treatments ranged from 3.18 to 7.29 lig 
gdw-1 in all soil treatments (Table 4.3).  The total fungal biomass in the high 
organic matter parent treatment varied by less than 20 gg gdw-1 for all sample 
dates. The total fungal biomass in the high organic matter control and SDF20 
treatments was more variable than the SDF15 treatment but was not significant. 118 
Protozoa.  The number of flagellates and amoebae in low and high organic 
matter  soil  microcosms was not  significantly  different  between  bacterial 
treatments (Table 4.4). 
Table 4.4: Treatment means for numbers of protozoa per gram dry weight of soil. 
The means were not significantly different between bacterial treatments on each 
sample date (p0.01). 
Time 
Assays  Treatment  day 0  wk 1  wk 2  wk 3  wk 5  wk 7 
flagellates  low OM control  2800  19245  5759  843  22  36 
low OM SDF15  4127  9035  1582  205  42  49 
low OM SDF20  4111  8264  3417  546  52  64 
high OM control  3392  83447  6057  44  395  279 
high OM SDF15  4133  38229  2160  116  549  2061 
high OM SDF20  5562  181638  700  107  387  3057 
amoebae  low OM control  171  27  106  97  0  10 
low OM SDF15  395  188  65  67  125  15 
low OM SDF20  683  42  59  34  90  0 
high OM control  1567  76  406  133  28  0 
high OM SDF15  1450  205  16  107  17  13 
high OM SDF20  1476  137  59  193  54  11 119 
The number of flagellates in the low and high organic matter soil was less than 
3100 flagellates gdw-1 in bacterial treatments after week 2 and was a low 
population density in comparison to previous studies using grassland soils 
(Ingham et al. 1986). The number of amoebae in the low organic matter soil was 
less than 130 amoebae gdw-1 after week 1. The number of amoebae in the high 
organic matter soils was less than 200 amoebae gdw 
1  after week 2 of the 
experiment (Table 4.4). 
Nematodes. The number of nematodes in the low organic matter soil did not 
significantly change until week 3. The number of nematodes in the low organic 
matter SDF15 treatment (6.0 gdw-1) was significantly higher than the control (1.8 
gdw-1) and SDF20 (2.0 gdw1) treatments during week 3 (Figure 4.3a).  During 
week 4 and 5, the number of nematodes in the SDF20 treatment (10.0 gdw-1) 
increased to a significantly higher population than the SDF15 (5.0  gdw-1) and 
control (1.0 gdw-1) treatments.  After week 5, the number of nematodes in the 
SDF20 treatment  significantly  decreased  to  5.0 nematodes gdw-1  while 
nematodes in the SDF15 treatment significantly increased from 5.0 to 9.0 
nematodes gdw-1. The number of nematodes in the low organic matter control 
treatment remained significantly lower than the SDF15 and SDF20 treatments 
after week 3. 120 
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Figure 4.3a: Number of nematodes in low organic matter soil treatments. The 
least significant difference is indicated by the bar (130.01). 
The number of nematodes in the high organic matter soil significantly 
increased during week 3, but was not significantly different between bacterial 
treatments until week 7 (Figure 4.3b). At the end of the experiment, the number 
of nematodes in the SDF15 treatment (1960 nematodes gdw-1) was significantly 
higher than in the SDF20 (1350 nematodes gdw-1) and control (860 nematodes 
gdw-1) treatments. The number of nematodes in treatments inoculated with K. 
planticola  strains was significantly  higher than the  uninoculated,  control 
treatment. 1200 
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Figure 4.3b: Number of nematodes in high organic matter soil treatments. The 
least significant difference is indicated by the bar (1:0.01). 
c/0 VAM colonization.  Colonization of plant roots by vesicular-arbuscular 
mycorrhizal (VAM) fungi in the low organic matter SDF20 treatment (37%) was 
significantly lower than the control (76%) and SDF15 (86%) treatments during 
week 2 (Figure 4.4a).  During week 3, VAM colonization of plant roots 
significantly decreased in  all treatments, however VAM colonization of plant 
roots in the low organic matter SDF15 treatment remained significantly higher 
than in the other soil treatments until week 7.  During week 5, VAM colonization 
of roots in the SDF15 treatment (62%) was significantly higher than the control 
(41%) and SDF20 (23%) treatments.  After week 5, VAM colonization in the 
SDF20 treatment significantly increased from 23% to 66%.  At the end of the 122 
experiment, VAM colonization in the control treatment (43%) was significantly 
lower than the SDF15 (69%) and SDF20 (66%) treatments. 
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Figure 4.4a: Percent VAM colonization of plant roots in low organic matter soil 
treatments. The least significant difference is indicated by the bar (p_0.01). 
Colonization of plant roots by VAM fungi in the high organic matter SDF20 
treatment (25%) was significantly lower than the control (55%) and SDF15 (67%) 
treatments during week 2 (Figure 4.4b).  During week 3, VAM colonization of 
plant roots significantly decreased in all treatments. However, VAM colonization 
in  the SDF15 treatment (39%) remained significantly  higher than VAM 
colonization in the control (10%) and SDF20 (5%) treatments.  During week 4 
and 5, VAM colonization of roots in the control treatment (51%) significantly 123 
increased while VAM colonization of roots in the SDF15 and SDF20 treatments 
varied by only 5%.  After week 5, VAM colonization of roots in the SDF20 
treatment significantly increased from 13% to 42%.  At the end of the 
experiment, VAM colonization in the control treatment (53%), SDF15 (35%) and 
SDF20 (41%) treatments was not significantly different. 
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Figure 4.4b: Percent VAM colonization of plant roots in high organic matter soil 
treatments. The least significant difference is indicated by the bar (p.0.01). 124 
Wheat plant biomass. The ratio of root biomass to shoot biomass indicated 
which portion of the plant was most rapidly developing and the allocation of plant 
resources to growing parts. The ratio of root to shoot biomass in the low organic 
matter soil was not significantly different between bacterial treatments on each 
sample date (Table 4.5). The root biomass of plants increased during week 2. 
The shoot biomass of plants increased during week 3 for all bacterial treatments. 
The ratio of root to shoot biomass in the high organic matter soil was not 
significantly different between bacterial treatments on each sample date.  After 
week 3, plant development in high organic matter treatments inoculated with K. 
planticola strains was similar to the control. 
Table 4.5: Treatment means for root to shoot biomass of wheat plants.  The 
means were not significantly different between bacterial treatments on each 
sample date (p0.01). 
Time 
Treatments  wk 1  wk 2  wk 3  wk 5  wk 7 
low OM control  28.40  49.01  22.49  44.45  33.48 
low OM SDF15  41.36  61.69  36.94  35.85  26.62 
low OM SDF20  38.52  55.04  36.28  44.91  33.99 
high OM control  22.43  33.05  20.42  16.27  8.31 
high OM SDF15  30.29  50.38  29.16  18.59  9.06 
high OM SDF20  34.36  29.39  18.76  19.83  11.23 125 
4.4 Discussion 
The addition of SDF20 to soil resulted in some unanticipated effects that 
were only detectable by evaluation of functional groups within the soil foodweb. 
The experimental results did not support the hypothesis that a peat amendment 
to low organic matter sandy soil will result in more ecological effects associated 
with the addition of K. planticola SDF20. These results support evidence that 
the ecological importance of GEM-effects can be evaluated by direct analysis of 
soil foodweb organisms and plant growth (Holmes et al. 1995b, Ingham et al. 
1995). In addition, survival of the parent (SDF15) and GEM (SDF20) strains was 
independent of the quantity of soil organic matter in these two soils. 
The survival of SDF20 increased with plants in the system.  Klebsiella 
planticola occurs naturally in the rhizosphere (Paul and Clark 1989, Kil lham 
1994), and therefore is adapted to using carbon inputs from plants. Once the 
soil became occupied by plant roots, the survival of SDF20 became stable or 
increased in the low and high organic matter soil respectively (Fig 4.1), which 
supports previous evidence on the importance of plant roots to the survival of 
introduced bacteria (Gilbert et al. 1993). 
If the peat addition to low organic matter sandy soil improved carbon 
availability for indigenous and introduced bacteria, then the total bacterial 
biomass and the number of bacterial predators would be expected to increase. 
However,  an  increase  of  total  bacterial  biomass and  bacterial-feeding 126 
nematodes did not occur until most of the soil was occupied by plant roots, 
supporting the hypothesis that root exudates might be a more important carbon 
source for bacterial metabolism (Lynch 1990), and therefore lead to an increase 
in total bacterial biomass (Figure 4.2b) and bacterial-feeding predators (Figure 
4.3b).  After the low organic matter soil became occupied by plant roots, the 
identical predator-prey interaction began to occur in bacterial inoculated soil 
treatments, that supports predictions on the importance of carbon inputs from 
roots to trigger a response of soil foodweb organisms to the addition of SDF20 to 
soil (Holmes et al. 1995b). The increase in total bacterial biomass and bacterial-
feeding nematodes probably increase N mineralization and N availability to 
plants (Ingham et al. 1986, Hunt et al. 1987), and indicates that introduced 
bacteria may not always result in negative effects. 
Although fungal-feeding nematodes in the low organic matter SDF20 
treatment significantly increased, the change in nematode community structure 
did not coincide with plant death as previously observed by Holmes et al. 
(1995b) using the same soil type. The soil foodwebs were different in the low 
organic matter soil at the beginning of this experiment as compared to the low 
organic matter soil used a previous experiment (Table 4.2). During an additional 
8 months of storage, the total bacterial biomass decreased by 70% and the total 
number of protozoa (flagellates and amoebae) decreased by 99%.  The 
nematode community changed from mostly bacterial-feeding species (67%) to 
mostly fungal-feeding species (71%) during the additional 8 month storage 127 
period.  This difference in soil foodwebs may explain the difference in plant 
response. 
The addition of SDF20 reduced VAM colonization of plant roots in the low 
and high organic matter soils early in the experiment (Figure 4.4a. and 4.4b). 
This GEM-effect was considered significant because a decrease in VAM 
colonization has been shown to decrease the ability of some plants to compete 
for nutrients, withstand disease attacks and tolerate drought conditions (Allen 
and Allen 1992, Read 1992).  This ecological effect was attributed to the 
addition of SDF20 because similar reductions in VAM colonization did not occur 
in the control and SDF15 treatments. 
The difference in plant response in the two experiments might be due to a 
difference of soil foodweb organisms at the start of the experiment and suggest 
that biotic conditions can directly influence the effects associated with the 
addition of SDF20 to soil.  The addition of genetically engineered Klebsiella 
planticola SDF20 to low and high organic matter sandy soils significantly altered 
some functional groups within the soil foodweb, and could result in significant 
ecological effects if these laboratory results occur after the release of SDF20 
into natural environments.  Future research need to assess whether ecological 
effects associated with the addition of SDF20 to soil are either similar for other 
soils with different organic matter content or tend to vary with physical, chemical 
and biological characteristics in the environment. 128 
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Abstract. The survival of genetically engineered microorganisms (GEMs) can 
improve in  soils with high clay content, thereby increasing the severity of 
ecological effects associated with the release of GEMs. When a peat was 
added to clay soil to produce a high organic matter clay soil, the survival of K. 
planticola bacteria increased but more ecological effects were not observed 
indicating  that the  ability  of SDF20 to  stimulate  ecological  effects was 
independent of the total carbon content in soil.  In low organic matter soil, the 
addition of SDF20 significantly reduced colonization of plant roots by vesicular­
arbuscular mycorrhizal fungi that can reduce the survival and yield of most crop 
plants in competitive environments. Addition of SDF20 to soil also increased the 
number of bacterial-feeding and fungal-feeding nematodes that can regulate 
nitrogen availability to plants.  The effects associated with SDF20 treatments 
differ in soils which supports arguments that the release of GEMs should be 
evaluated on a case-by-case basis. 134 
5.1 Introduction 
Klebsiella planticola occurs naturally in soil (Paul and Clark 1989, Killham 
1994) and adapted to metabolizing simple and more complex carbon sources. 
Strains of K. planticola has also been isolated from organic peat (Boehm et al. 
1993) which suggest that this bacterium can survive in high organic matter soil 
with more recalcitrant substrates.  Because this ability to utilize numerous 
substrates, K. planticola SDF20 was genetically engineered to produce ethanol 
from organic substrates commonly used for compost material (Bagley et al. 
1981, Feldmann et  al.  1989).  Afterwards, the remaining material from 
fermentors can be added to agronomic fields as organic amendment. 
Genetically  engineered  K.  planticola SDF20 produced  detectable 
concentrations of ethanol in high organic matter, clay-agricultural soil (Holmes et 
al. 1995a). However, when spring wheat was planted in soil, ethanol was not 
detected which suggest that either plant roots or indigenous microbiota might 
oxidize the ethanol produced by SDF20 in soil (Brock and Madigan, 1991). A 
low concentration of ethanol (0.2%) was produced by SDF20 in high organic 
matter clay soil without plants. 
The survival of K. planticola SDF20 and associated ecological effects in 
low organic matter soil may depend on the ability of introduced bacteria to obtain 
carbon and compete with indigenous microbiota for carbon inputs from plant 
roots (Colbert et al. 1993, Gilbert et al. 1993).  Previous studies demonstrated 
that the addition of SDF20 to low organic matter sandy-grassland soil without 135 
plant roots did not result in measurable effects as mediated by soil foodweb 
organisms probably because of inadequate carbon availability (Holmes et al. 
1995b, Holmes and Ingham 1995a).  Ecological effects associated with SDF20 
treatments occurred only in soil occupied by plant roots demonstrating the 
importance of carbon inputs from plant roots for the survival of SDF20 and 
associated effects to occur. 
The grazing activity of protozoa and bacterial-feeding nematodes on 
introduced bacteria is expected to be reduced because of more protective 
microsites in heavier-textured soils.  In clay soils, pore sizes and the access to 
pores are smaller compared to sandy soils thereby preventing  bacterial 
predators from reaching their prey (Foster and Dormaar 1991, Heijnen et al. 
1993). Clay plates that adhere to bacterial cells also protect introduced bacteria 
from predators (England et al. 1993). 
The objective  in  this study was to evaluate whether additions  of 
genetically engineered Klebsiella planticola SDF20 to low and high organic 
matter clay-agricultural soils would affect soil foodweb organisms and plant 
growth.  This study tested two hypotheses 1)  If SDF20 is added to clay-
agricultural soil, then the survival of the introduced bacteria will improve in 
comparison to the survival of SDF20 in sandy soils because of more protective 
microsites and reduced predation.  2) If the survival of SDF20 in high organic 
matter soil increases, then the number of ecological effects associated with 136 
SDF20 will increase because an increase in  bacterial biomass will  affect 
biological interactions within soil foodwebs. 
5.2 Materials and Methods 
Bacterial cultures.  The parent (SDF15) and GEM (SDF20) cultures of K. 
planticola were provided by Dr. Sigrun Feldmann (Institut fur Biotechnologie, 
Federal Republic of Germany).  Recombinant techniques for constructing of 
SDF15 and SDF20 strains were described by Feldmann et al. (1989). Growth 
curves under standard conditions and production of ethanol by SDF20 in liquid 
cultures and soil were previously described by Holmes et al. (1995a). 
Soil processing and soil characterization. Low organic matter, clay soil from 
the upper 10 cm depth was collected from Hyslop Farm, Oregon (Gardone 
series, Aridic Haploxeroll) in 1992 and prepared by sieving through a 2.0 mm 
mesh, mixing 5 minutes in a concrete mixer and stored in plastic lined, rubber 
cans in greenhouse conditions for one year. Three replicate soil samples were 
submitted to Oregon State University Soil Testing Service (Corvallis, OR., 
97330) for chemical and physical analysis. 
The low organic matter clay soil (0M=2.55°/0; sand = 7.66 %; silt= 71.8 %; 
clay= 20.5 %) was amended with Canadian sphagnum peat moss to produce the 
high organic matter clay soil (0M=7.01°/0; sand =7.50%; silt= 67.3 %; clay= 27.8 %). 137 
The high organic matter clay soil was produced by mixing 9 parts low organic 
matter soil with  part sphagnum peat by weight as previously described 1 
(Holmes et al. 1995a, Holmes and Ingham 1995a).  Soil foodweb organisms in 
low organic matter clay soil collected from the field and analyzed immediately 
were compared to soil foodweb organisms in the low organic matter clay soil 
used in this study that was stored in greenhouse conditions for one year before 
analysis and also to the high organic matter clay soil. 
Construction of soil microcosms. Soil microcosms were constructed in quart-
size mason jars (Ball Corp., Muncie, IN) and incubated at 25°C for seven weeks 
with periodic sampling of three replicates from each bacterial treatment, as 
described by Holmes et al. (1995a). Half of the autoclaved tap water needed to 
increase soil moisture to field capacity (0.33 bar) was added 72 hours before the 
experiment and allowed to equilibrate with daily mixing.  The remaining water 
needed to increase soil moisture to field capacity was added before assembling 
the soil microcosm units (sample day 0).  The bacterial inoculum for SDF15 
(parent) and SDF20 (GEM) treatments was suspended in the second water 
7 
addition to yield a final inoculum density of 1x10 colony forming unit (CFU) per 
gram of dry soil. 
After mixing soil treatments in  plastic bags, two hundred grams of 
inoculated soil was added to mason jars.  One germinated wheat seed was 
added to each microcosm and the total weight of the soil microcosm recorded on 138 
the jar label.  Soil moisture lost during incubation was replaced every other day 
with autoclaved tap water by returning the microcosm to its initial weight.  All 
microcosms were incubated under artificial lighting (16 h light; 8 h dark periods) 
at 75 % relative humidity. On each sample date, three replicate microcosms per 
treatment were randomly selected for analysis of the survival of introduced 
bacteria, soil foodweb organisms and plant growth. 
Survival of K. planticola strains. Survival of SDF15 and SDF20 strains in soil 
was determined by spread plating  soil  dilutions on MacConkey's medium 
(Becton Dickerson Microbiological Systems, Cockeysville, MD) and counting the 
number of colony-forming units after 24 h of incubation at 30°C.  Soil dilution 
series were prepared from the soil in microcosms using autoclaved tap water 
(Sigma Chemical Corp., St. Louis, MO).  MacConkey's medium was used to 
recover SDF15 from soil (Atlas 1993).  MacConkey's medium amended with 
antibiotics (25 jig  m1-1 kanamycin and 25 jig m11 chloramphenicol; Sigma 
Chemical Corp., St. Louis, MO) was used to recover SDF20 from soil as 
previously described by Holmes et al. (1995a). 
Active and total bacterial biomass.  Active bacterial biomass in soil was 
determined using fluorescein diacetate-stain (FDA, Sigma Chemical Corp., St. 
Louis, MO) and the soil suspension-thin agar film method described by Ingham 
et al. (1984).  The number of FDA-stained bacteria (i.e. active bacteria) was 139 
determined in five fields per sample.  Direct counts of active bacteria were 
determined in the same agar film prepared for estimating the fungal biomass in 
soil. 
Total bacterial biomass in  soil was determined using the fluorescein 
isothiocyanate (FITC, Sigma Chemical Corp., St. Louis, MO) staining method 
(Babiuk and Paul 1970). An 1:100 soil dilution was stained for 3 minutes with 
0.5 ml of FITC solution (20 pig m11). The total volume was filtered through a 0.2 
p.m pore-size, non-fluorescent (black-stained) Nuclepore filter, and destained 
with 0.5M sodium carbonate and 0.01M pyrophosphate buffers as previously 
described.  After mounting the filter on a slide, the number of fluorescent 
bacteria  in each of ten fields per filter was counted.  The background 
contamination in buffer solutions was assessed by filtering sterile buffer and 
counting fluorescent bacteria on the filter.  These counts (which were normally 
zero) were subtracted from counts obtained on that day's samples. 
Active and total fungal biomass. One half ml aliquot of the 1:10 soil dilution 
was prepared to determine active fungal biomass (fluorescein diacetate stained) 
and total fungal biomass by staining for 3 minutes with 0.5 ml of FDA solution in 
0.1M phosphate buffer (pH 6.5). One half ml of 1.5% agar in 0.1M phosphate 
buffer (pH 9.5) was mixed with the FDA-soil suspension, and an aliquot placed 
on a slide with known well depth (Ingham and Klein 1984). The length of FDA-
stained hyphae (i.e. active hyphae) using epi-fluorescent microscopy (Leitz epi­140 
fluorescent microscope), and the length and diameter of  all hyphae were 
measured and recorded for three 18-mm transects in each agar film using 
differential interference contrast microscopy (DIC). This method was determined 
to be superior for estimating fungal biovolumes in litter and soil (Lodge and 
Ingham 1991). Background contamination was determined by measuring hyphal 
lengths in sterile phosphate buffer instead of a soil suspension. 
Most probable number of protozoa. The most probable number (MPN) of 
protozoa in soil was determined as described by Darbyshire et al. (1974) and 
reviewed by Ingham (1994). One half ml aliquot of each serial dilution prepared 
from soil was placed in each of four wells of a 24-well tissue culture plate. Each 
tissue culture plate was previously prepared by placing a half ml of 10% soil 
extract agar in each well. The inoculated tissue culture plates were incubated at 
room temperature in closed plastic bags (220C).  After 4 to 7 days, each well 
was mixed, an aliquot (e.g., one drop) placed on a microscope slide, and 
covered with a glass cover slip. One transect of the cover slip was made and 
the presence of flagellates and amoebae was recorded. The binomial data for 
protozoa were converted to the most probable number of cells per gram dry 
weight (gdw) of soil. 
Enumeration and identification of nematodes.  Subsamples of soil were 
placed in Rapid-Flo milk filters (Filter Fabrics Inc., Goshen, IN).  These filters 141 
were placed on screens in closed funnels (i.e. Baermann extractors), and water 
added to cover soil and extract nematodes (Anderson et al.  1978).  This 
technique extracts adult and juvenile stages of nematode species. After 5 days, 
extracted nematodes were collected from the bottom of funnels and stored at 
4°C until processed. 
Each sample was examined in Rodac plates with grid etched on the 
bottom to facilitate counting.  All nematodes in samples were counted and the 
first 30 nematodes observed were picked for identification.  Nematodes were 
separated into trophic groups based on morphological characteristics used in 
taxonomic classification (Bongers 1989). 
Vesicular-Arbuscular Mycorrhizal (VAM) Colonization. Subsamples of fresh 
plant roots were cleared and stained with trypan blue to determine the percent 
colonization by VAM fungi.  Roots were cleared in 10% KOH for 20 minutes 
before staining.  After rinsing the roots in sterile phosphate buffer, roots were 
stained in 0.5% trypan blue overnight, then cleared in lacto-glycerin and stored 
at 4°C until processed. 
An estimate  of the percent VAM colonization  of  plant  roots was 
determined by recording the presence of VAM fungal structures in twenty five, 
2-mm root segments. Roots were examined for the presence of fungal vesicles, 
arbuscules and hyphae within the root cortex region. 142 
Plant biomass and soil gram dry weight. All the soil microcosm received one 
wheat seedling (Triticum aestivum L. var. vulgare) at day 0 of the experiment. 
On each sample date,  plants were gently removed from microcosms to 
determine the root dry weight and shoot dry weight. Roots were cut from shoots 
at the crown. The root and shoot biomass were oven dried at 110°C for 24 h 
(Gardner 1965).  The soil in each microcosm was thoroughly mixed and five 
grams of soil removed and dried at 110°C for 24 h to determine the gram dry 
weight (gdw) of soil (Gardner 1965). 
Statistical Analysis. Two types of soils (low and high organic matter clay) were 
prepared for assessing ecological effects after the addition of SDF20 to soil as 
mediated by soil foodweb organisms and plant growth. Three levels of bacterial 
treatments (uninoculated-control, SDF15-addition and SDF20-addition) were 
applied to each soil type.  Outlier values were removed from the data set after 
reviewing the distribution of raw data values with confidence internals (99%). 
Residuals of the means were plotted against predicted values data to examined 
constant error variance among data values. The residual plots showed that a 
log transformation of raw data values was necessary before analysis of variance 
testing using SAS (SAS Institute Inc., Cary, NC). The least significant difference 
(Fisher protected) was calculated for  all  bioassays that were significantly 
different (130.01) due to bacterial treatments. 143 
5.3 Results 
The soil foodweb in the low organic matter clay soil analyzed immediately 
after collection was different from in the low organic matter clay soil stored for 
one year after collection (Table 5.1). The active and total bacterial biomass, and 
the active and total fungal biomass in the field soil was higher than in the stored. 
The number of flagellates and amoebae in the field soil was higher than in the 
stored soil. The number of nematodes in the field soil was similar to the stored 
soil. 
Soil foodwebs were different in the low and high organic matter clay soils 
used in this study (Table 5.1). The active and total bacterial biomass, and the 
active and total fungal biomass in the low organic matter clay soil was less than 
in the high organic matter clay soil. The number of flagellates and amoebae in 
the low organic clay soil was less than in the high organic matter clay soil. The 
number of nematodes in the low organic matter clay soil was also less than in 
the high organic matter clay soil. 144 
Table 5.1: Comparison of soil foodweb organisms in field soil (6/92), soil stored 
for one year (6/93) and high organic matter soil (6/93). 
Soil type: sample date 
Soil organism  low OM: 6/92  low OM: 6/93  high OM: 6/93 
active bacterial biomassa  13.4 (2.04)b  4.21 (0.17)  6.99 (0.23) 
total bacterial biomassa  22.88 (3.42)  5.61 (0.64)  10.46 (0.35) 
active fungal biomassa  8.26 (1.51)  0.41 (0.01)  0.78 (0.04) 
total fungal biomassa  43.59 ( 4.0)  1.31 (0.12)  3.97 (0.16) 
flagellates (# gdw-1)  (236) 1460  96 (33)  198 (80) 
amoebae (# gdw-1)  (238) 937  25 (1.7)  43 (10.8) 
nematodes (# gdw-1)  (0.85) 6.96  6.79 (0.83)  10.87 (0.20) 
% bacterial-feeding  ND  30.4  19.1 
fungal-feeding  ND  69.5  80.8 
ameasured in lig gdw 
bstandard error of three replicates 
cnot determined 
Survival of SDF15 and SDF20 in soil. The survival of K. planticola strains was 
significantly higher in the high organic matter clay soil (Figure 5.1). The survival 
of SDF15 was significantly higher than SDF20 for both the low and high organic 
matter soils during the experiment. Survival of SDF15 significantly decreased in 
the low organic matter (log 6.5 to log 3.7 CFU gdw-1) and high organic matter 
(log 7 to log 5 CFU gdw-1) soils after week 3. After week 3, survival of SDF15 in 145 
the high organic matter soil remained significantly higher than in the low organic 
matter clay soil.  Survival of SDF20 exponentially decreased (log 7 to log 2.3 
CFU gdw-1) in the low organic matter soil treatment during 7 weeks incubation 
(Figure 5.1). 
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Figure 5.1: Survival of K. planticola strains in low and high organic matter soil 
treatments. The standard error of the means are indicated by bars. 
After an initial decrease in survival of SDF20 for week 1 (log 7.5 to log 5.3 CFU 
gdw-1), the survival of SDF20 in the high organic matter soil remained constant 
until week 3. After week 3, the survival of SDF20 in the high organic matter soil 146 
decreased (log 5.3 to log 3.3 CFU gdw-1), but remained significantly higher than 
the survival of SDF20 in the low organic matter soil (Figure 5.1). 
Active and total bacterial biomass.  The active bacterial biomass was not 
significantly different between bacterial treatments during the experiment.  In the 
low organic matter soil, a transient increase was measured for all bacterial 
treatments during week 3.  The active bacterial biomass in the low organic 
matter control and SDF15 treatments significantly increased during week 3 
(Table 5.2). 
In the high organic matter soil, the active bacterial biomass in all bacterial 
treatments significantly decreased during week 1.  After week 1, active bacterial 
biomass in  the SDF15 and SDF20 treatments remained low during the 
experiment.  The active bacterial biomass in the high organic matter control 
treatment significantly increased during week 3, followed by a decrease. 
The total  bacterial biomass was not significantly different between 
bacterial treatments during the experiment. There was a significant increase in 
total bacterial biomass in the low organic matter SDF15 and SDF20 treatments 
during week 3, followed by a significant decrease during the following 2 weeks 
(Table 5.2). 147 
Table 5.2: Treatment means for active bacterial and total bacterial biomass as 
measured in micrograms per gram dry weight of soil.  The means were not 
significantly different between bacterial treatments (W.01) 
Sample Dates 
Assay  Treatment  day 0  wk 1  wk 2  wk 3  wk 5  wk 7 
active  low OM control  3.87  3.19  2.69  5.52  5.42  3.85 
bacterial  low OM SDF15  4.36  2.70  2.37  6.05  4.83  2.61 
biomass  low OM SDF20  4.39  2.49  2.51  4.55  2.99  3.68 
high OM control  6.98  4.05  3.97  7.23  5.73  4.14 
high OM SDF15  7.40  4.23  4.78  3.64  4.55  4.32 
high OM SDF20  6.59  3.32  4.21  4.63  3.79  3.85 
total	  low OM control  4.41  11.74  4.58  20.37  18.81  6.": 7 
bacterial	  low OM SDF15  5.81  13.41  8.14  35.18  14.68  9.48 
biomass	  low OM SDF20  6.61  12.21  5.91  32.72  11.51  6.23 
high OM control  9.99  16.70  8.37  14.86  15.06  10.59 
high OM SDF15  11.15  14.25  7.28  21.52  15.47  10.01 
high OM SDF20  10.23  19.78  6.25  23.17  14.62  7.59 
The total bacterial biomass in the high organic matter SDF15 and SDF20 
treatments significantly increased during week 3, followed by a decrease. After 
week 2, total bacterial biomass in the high organic matter control treatment 
increased to a significantly higher density by week 5.  The total bacterial 
biomass in the high organic matter SDF15 and SDF20 treatments decreased 148 
after week 3, and significantly decreased in the high organic matter control 
treatment after week 5. 
Active and total fungal biomass.  The active fungal biomass in the low organic 
matter soil treatments significantly decreased during week 1 (Figure 5.2a). After 
week 3, active fungal biomass in the low organic matter SDF20 treatment was 
significantly lower than the control and SDF15 treatments until week 7.  After 
week 3, active fungal biomass in the low organic matter SDF15 treatment 
significantly increased until week 5, then significantly decreased.  The active 
fungal biomass in the low organic matter control treatment was not significantly 
different after week 3. 149 
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Figure 5.2a: Active fungal biomass in low organic matter soil treatments. The 
least significant difference is indicated by bar (r)0.01). 
The active fungal biomass in the high organic matter soil treatments 
significantly decreased during week 1 (Figure 5.2b). The active fungal biomass 
in the high organic matter SDF15 treatment continued to significantly decrease 
during week 2. After week 3, active fungal biomass in the high organic matter 
control treatment remained significantly higher than the SDF15 and SDF20 
treatments. 150 
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Figure 5.2b: Active fungal biomass in high organic matter soil treatments. The 
least significant difference is indicated by bar (p_0.01). 
The total fungal biomass decreased in  the low organic matter soil 
treatments during the first two weeks of the experiment (Figure 5.3a). The total 
fungal biomass in the low organic matter SDF20 treatment was significantly 
lower than the control and SDF15 treatments after week 3. 
The total fungal biomass in the high organic matter soil treatments 
significant decreased during the week 1 (Figure 5.3b). The total fungal biomass 
in the high organic matter control treatment was significantly higher than the 
SDF15 and SDF20 treatments during week 3. There was a transient increase in 151 
total fungal biomass in the high organic matter SDF20 treatment after week 3, 
followed by a decrease. The total fungal biomass in the high organic matter 
SDF20 treatment was significantly lower than the control and SDF15 treatments 
at the end of the experiment. 
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Figure 5.3a: Total fungal biomass in low organic matter soil treatments.  The 
least significant difference is indicated by bar (p.0.01). 152 
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Figure 5.3b: Total fungal biomass in high organic matter soil treatments. The 
least significant difference is indicated by bar (1D0.01). 
Protozoa community. The numbers of flagellates and amoebae in low and 
high organic matter soils were not significantly different between bacterial 
treatments. The number of flagellates in the low organic matter soil treatments 
increased after day 0 (Table 5.3). The number of flagellates in the high organic 
matter SDF15 treatment rapidly increased after week 5 but was not significantly 
different from the control and SDF20 treatments. 153 
Table 5.3: Treatment means for numbers of protozoa per gram dry weight of soil. 
The means were not significantly different between bacterial treatments (p5_0.01) 
Sample Dates 
Assay  Treatment  d 0  wk 1  wk 2  wk 3  wk 5  wk 7 
flagellates  low OM control  158  2072  3275  29898  316859  51668 
low OM SDF15  86  2890  1336  27388  91533  18850 
low OM SDF20  43  516  2486  29146  134695  71718 
high OM control  341  2101  3808  58284  96445  92355 
high OM SDF15  191  1929  1632  66371  41571  194490 
high OM SDF20  63  1662  953  53083  101078  26177 
amoebae  low OM control  28  1033  131  4454  584  1227 
low OM SDF15  25  2494  415  3525  1524  11381 
low OM SDF20  22  516  3945  1139  2959  1082 
high OM control  39  251  638  2774  2955  2649 
high OM SDF15  26  2525  6898  13137  2901  3874 
high OM SDF20  63  319  6878  9178  6509  8976 
The number of amoebae in the low organic matter SDF15 treatment 
significantly increased after week 5 (Table 5.3). The number of amoebae in the 
high organic matter SDF15 treatment increased during week 2 and week 3 to a 
density that was significantly higher than the control treatment. After week 3, the 
number of amoebae in the high organic matter SDF15 treatment significantly 154 
decreased.  The number of amoebae in  the high organic matter SDF20 
treatment increased until week 3. 
Nematode communities. The number of nematodes in the low organic matter 
soil treatments was unchanged until week 3 (Figure 5.4a).  The number of 
nematodes in the low organic matter SDF15 and SDF20 treatments significantly 
increased after week 3, followed by significant decrease after week 5.  The 
number of nematodes in the low organic matter control treatment increased after 
week 3 to a significantly higher density by the end of the experiment. These 
changes in the nematode community consisted primarily of fungal-feeding 
nematodes (Aphelenchoides, Filenchus, and Aphelenchus spp.) with fewer 
bacterial-feeding nematodes (Acrobeloides and Cephalobus spp.) present in soil 
treatments. 
The number of nematodes in the high organic matter SDF15 and SDF20 
treatments increased after week 3 of the experiment, but the increase was not 
significant.  The number of nematodes in the high organic matter control 
treatment increased after week 3 to a significantly higher density than the 
SDF15 and SDF20 treatments at the end of the experiment (Figure 5.4b). The 
nematode community consisted primarily of fungal-feeding (Aphelenchoides 
Filenchus, and Aphelenchus spp.) nematodes with fewer bacterial-feeding 
(Acrobeloides and Cephalobus spp.) species present in soil treatments. 155 
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Vesicular-Arbuscular mycorrhizal colonization.  The colonization of plant 
roots by VAM fungi significantly increased in the low organic matter soil 
treatments during week 2 (Figure 5.5a).  However, VAM colonization of plant 
roots in the low organic matter control treatment was significantly higher than the 
SDF15 and SDF20 treatments at the end of week 2.  After week 3, VAM 
colonization in the low organic matter SDF20 treatment significantly decreased 
and remained significantly lower than the control and SDF15 treatment until the 
end of the experiment. 
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Figure 5.5a: Percent VAM colonization of plant roots in low organic matter soil 
treatments. The least significant difference is indicated by bar (130.01). 
In  the high organic matter soil  treatments,  the VAM colonization 
significantly increased until week 3 (Figure 5.5b). The VAM colonization of plant 
roots significantly decreased in the high organic matter soil treatments after 
week 3.  In the high organic matter soil, VAM colonization was not significantly 
different between treatments. 158 
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Figure 5.5b: Percent VAM colonization of plant roots in high organic matter soil 
treatments. The least significant difference is indicated by bar (W.01). 
Wheat plant growth.  The ratio of root biomass to shoot biomass for plants in 
the low organic matter and high organic matter soils was not significantly 
different between bacterial treatments. The root to shoot ratio of plants in the 
low organic matter soil treatments decreased, as most of the plant biomass 
consisted of shoot tissue (Table 5.4). The plant shoot biomass increased in the 
high organic matter control and SDF20 treatments during week 2.  After an 
increase of root biomass in the SDF15 and SDF20 treatments during week 3, the 
plant shoot biomass in high organic matter treatments significantly increased 
until week 5 of the experiment. 159 
Table 5.4: Treatment means for root to shoot biomass of wheat plants.  The 
means were not significantly different between bacterial treatments (p0.01). 
Sample Dates 
Treatment  wk 1  wk 2  wk 3  wk 5  wk 7 
low OM control  0.4657  0.3611  0.2433  0.2292  0.3667 
low OM SDF15  0.6623  0.3725  0.3884  0.2511  0.2542 
low OM SDF20  0.6321  0.4297  0.4878  0.2619  0.2969 
high OM control  0.8644  0.4180  0.5239  0.2801  0.4187 
high OM SDF15  0.6921  0.4530  0.6281  0.2533  0.3676 
high OM SDF20  0.9842  0.3926  0.6885  0.2736  0.3445 
5.4 Discussion 
The addition of genetically engineered K. planticola SDF20 to low and 
high organic matter clay-agricultural  soil  resulted  in  ecological effects as 
mediated by soil foodweb organisms. This study supported previous evidence 
that the survival of SDF20 and ecological effects associated with the release of 
some GEMs might vary in soils with different biotic conditions (Holmes et al. 
1995b, Doyle et al. 1995). The results did not support the hypothesis that the 
addition of SDF20 to high organic matter soil would result in more effects than 
the addition of SDF20 to low organic matter soil treatments. 160 
Survival of SDF15 and SDF20 significantly increased in the high organic 
matter clay soil as compared to low organic matter clay soil.  Trevors and 
Grange, (1992) demonstrated that peat amendments can increase the survival of 
some GEMs in soil.  The survival of introduced bacteria in the high organic 
matter clay soil was higher than in a previous experiment using high organic 
matter sandy soil (Holmes and Ingham 1995a).  These results supported the 
hypothesis that high clay content increased the survival of SDF20 in soil.  It is 
possible that higher clay content in  soil can reduce predation by bacterial 
feeders on introduced bacteria (Foster and Dormaar 1991, Heijnen et al. 1993, 
England et al. 1993).  Smaller pore neck-size in clay agricultural soil, and the 
attachment of clay plates to cells might protect introduced bacteria from 
predators (England et al. 1993). 
The abundance of soil foodweb organisms in the low organic matter soil 
from the field was significantly higher than soil foodweb organisms in the same 
soil that was stored for one year, except the number of nematodes were similar 
in the two soil types (Table 5.1). In addition, the abundance of soil foodweb 
organisms in the high organic matter soil was higher than the low organic matter 
soil used in this experiment, however soil nematode populations were dominated 
by fungal-feeding species in both soil types.  A higher abundance of soil 
foodweb organisms in the high organic matter clay soil may have nullified effects 
associated with the addition of SDF20 because significant effects were observed 161 
when SDF20 was added to low organic matter soil that contained fewer soil 
foodweb organisms. 
Active fungal biomass decreased in the low organic matter SDF20 
treatment that was likely due to an increase in fungal-feeding nematodes. A 
significant reduction in active fungal biomass could manifest as detrimental and 
beneficial ecological effects. The reduction in active fungal biomass in the low 
organic matter soil could represent a decrease in extra-matrical hyphae of VAM 
fungi that is detrimental to plant growth (Allen and Allen 1992, Read 1992). 
Alternatively,  if  the reduction  in  the active fungal biomass consisted  of 
pathogenic fungi, this effect would be beneficial to plant growth by lowering 
disease incidence. A reduction in active fungal biomass associated with the 
addition of SDF20 could also reduce the retention of soil nutrients and is 
detrimental to ecosystems (Hunt et al. 1987, Ingham et al. 1986, Ingham et al. 
1985). 
Colonization of roots by VAM improves the survival of plants in field and 
soil microcosm studies (Allen and Allen 1992, Read 1992).  Ingham (1988) 
demonstrated that a reduction in VAM colonization of plant roots was correlated 
with increased plant disease incidence caused by soil nematodes.  In the low 
organic matter clay soil, the addition of SDF20 significantly reduced colonization 
of plants roots by VAM fungi that was a similar effects observed when SDF20 
was added to low and high organic matter sandy grassland soils (Holmes and 
Ingham 1995a).  A reduction in VAM colonization was not observed when 162 
SDF20 was added to high organic matter clay soil and supported evidence that 
the effects associated with SDF20 may not be the same in all soils.  Future 
studies for assessing ecological effects associated with the addition of SDF20 to 
soil need to include soil from different ecosystems. 
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Chapter 6: Conclusions 
This research focused on the question: "will the addition of genetically 
engineered Klebsiella planticola SDF20 to low and high organic matter sandy 
and clay soils result in ecological effects?" Soil foodweb organisms and plant 
growth were monitored to assess the ecological effects associated with the 
addition of SDF20 to soil. The soil use in this experiments was not sterile so that 
soil organisms that interact in natural environments were present. The benefit of 
evaluating genetically engineered microorganisms (GEMs) in test systems with 
biological interactions intact was that the effects measured in this controlled 
environment might occur in natural environments. 
Klebsiella planticola SDF20 was genetically engineered to produce 
ethanol from agricultural residues in closed fermentors (Feldmann et al. 1989, 
Tolan and Finn 1987). Ethanol produced by GEMs like SDF20 can be added to 
gasoline (e.g., gasohol) to reduce air pollution, particularly in major cities, 
caused by the burning of fossil fuels (Keim and Venkatasubramanian 1989, Ohta 
et aL 1991). After removal of the ethanol from fermentors, the remaining residue 
that includes SDF20 bacteria could be spread onto agronomic fields as organic 
amendment. 
One scenario following release of is that GEMs could survive but not 
express their engineered function in soil (Doyle et al. 1995).  This has been 
demonstrated in two experiments using genetically engineered Pseudomonas 167 
paucimobilis.  This GEM expressed its 2,4-D degrading function only after 
extraneous carbon (e.g. 1% glucose) was added to soil as a readily available 
carbon source (Ingham et al. 1995).  Survival of the GEM was reduced in 
unamended soil. Although pseudomonads occur naturally in soil, the genetically 
engineered P. paucimobilis was unable to survive in this simple test system 
consisting of soil in glass jars and no plants. 
The strategy and objectives for assessing ecological effects after the 
addition of K. planticola SDF20 to soil are outlined below (Figure 6.1). The first 
objective was to determine whether genetically engineered SDF20 could 
produce ethanol in soil because low concentrations of ethanol (50 lig m1-1) can 
affect denitrification processes in soil that may reduce plant growth (Yoemans et 
al. 1989).  Ethanol vapor (25 pg m1-1) was measured in the headspace of soil 
microcosms after the addition of SDF20 to high organic matter, clay-agricultural 
soil (Holmes et al.  1995a).  However, when spring wheat plants (Triticum 
aestivum L.) were present, ethanol was not detected in microcosms with high 
organic matter clay soil.  These results demonstrated that biotic factors in soil 
can affect the ability to detect ethanol produced by SDF20 in  soil.  The 
concentration of ethanol produced by SDF20 in soil (0.2%) was most likely 
insufficient to directly affect soil foodweb organisms (Jones 1989). 168 
Determine whether Klebsiella planticola SDF20 can produce ethanol 
in soil with indigenous microbiota and plants present 
Determine whether the addition of SDF20 to low organic matter sandy soil
 
will result in ecological effects with and without plants present
 
Determine whether the survival and number of ecological effects increased
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Figure 6.1: Strategy and objectives for assessing ecological effects after the 
addition of K. planticola SDF20 into different soils. 169 
When GEMs are engineered from  soil  isolates, there may be no 
significant difference in the survival of the GEM and parent strains, suggesting 
that extra DNA inserted into the GEM is not inhibitory to growth. However, when 
GEMs are engineered from enteric bacteria such as Escherichia coli and 
Enterobacter sp., survival of the GEM in soil might be significantly lower than 
their homologous, plasmidless parental strains (Doyle and Stotzky,  1993, 
Stotzky et al. 1993).  Eventually, both the parent and GEM strains decreased 
below detection within a week, which suggests that some GEMs engineered 
from enteric bacteria cannot survive in  soil environments.  In comparison, 
populations of genetically engineered K. planticola SDF20 were detectable 7-8 
weeks after inoculation into soil. 
Direct measurements of soil foodweb organisms were used to assess 
alterations of microbial biomass after the addition of K. planticola SDF20 to soil. 
Direct measuring techniques used in this research are more accurate  for 
estimating the abundance of soil foodweb organisms (Ingham and Klein 1981). 
In contrast, Stotzky (1989, 1990) proposed using indirect measuring techniques 
to assess microbial activity and evaluate genetically engineered microorganisms 
(GEMs).  However,  indirect  measurements  of  soil  enzymes such  as 
dehydrogenase may correlate with many soil parameters other than microbial 
activity such as soil pH, soil texture and soil organic matter content (Beyer et al. 
1993). 170 
Some of the ecological effects associated with the addition of K. planticola 
SDF20 to soil were independent of soil type and were repeated in different 
experiments despite differences in soil characteristics. Other ecological effects 
associated with the addition of SDF20 occurred only during one experiment with 
one soil type. The addition of SDF20 decreased the shoot biomass and resulted 
in plant death only in the first experiment and demonstrated that dramatic effects 
such as plant death might not always occur.  Therefore, the release of SDF20 
needs to be assessed on a case by case basis to understand the environmental 
conditions that influence the survival of SDF20 and associated ecological 
effects. 
In the first experiment, the addition of SDF20 was associated with a 
decrease in active bacterial biomass for all soil bacteria in low organic matter 
sandy soil without plants (Table 6.1). The addition of K. planticola SDF15 and 
SDF20 to low organic matter sandy soil without plants increased the total 
bacterial biomass as expected, but the addition of SDF20 to low organic matter 
sandy soil with plants was associated with a decrease in total bacterial biomass. 
In the second experiment, the addition of SDF15 and SDF20 to low and 
high organic matter sandy soil with plants increased the total bacterial biomass 
for all soil bacteria which was most likely due to a lower number of bacterial-
feeding protozoa and nematodes in sandy soils at the start of the second 
experiment. The results support the hypothesis that biotic conditions in soil at 171 
the time SDF20 was added to soil can influence ecological effects that appear 
over time. 
Table 6.1: Summary of ecological effects associated with the addition of SDF20 
to soil as mediated as significant alterations of soil foodweb organisms. 
Experiment 1  Experiment 2  Experiment 3 
Assay  w/o plants  w/plants  LOM  HOM  LOM  HOM 
survival  A, 
active bacteria 
total bacteria  A,  A,  A, A 
active fungi  V, 
total fungi 
nematodes  A, A  A,  A,  A,  V, V' 
% VAM  ND  ND  V,  V, V' 
root:shoot  ND 
significant decrease after the addition of SDF15 to soil 
A significant increase after the addition of SDF15 to soil 
significant decrease after the addition of SDF20 to soil 
significant increase after the addition of SDF20 to soil 
ND not determined 
LOM=low organic matter 
HOM=high organic matter 172 
The addition of SDF15 and SDF20 to soil increased the number of 
nematodes in three soil types and three experiments (Table 6.1). The addition 
of SDF15 consistently increased the number of bacterial-feeding nematodes but 
the addition of SDF20 increased the number of fungal-feeding nematodes in the 
first two experiments using low and organic matter sandy soils. The addition of 
SDF20 altered feeding groups of nematodes in the same manner in the second 
experiment, but the number of nematodes in the third experiments increased in 
the low organic matter clay soil and decreased in the high organic matter soil.  In 
two experiments, a decrease in VAM colonization could be explained by an 
increase in fungal-feeding nematodes after the addition of SDF20 to low and 
high organic matter sandy soils and low organic matter clay soil. 
Doyle et al. (1995) suggested that the potential release of GEM,,', into 
natural environments needs to be assessed by monitoring trophic levels of 
organisms. The results from this research demonstrated that ecological effects 
associated with the addition of SDF20 to soil could be assessed by monitoring 
soil foodweb organisms and plant growth.  In  addition  to the microbial 
components of the soil foodweb that were monitored in this research, other soil 
organisms such as microarthropods and earthworms need to be included in 
future experiments to more fully understand the ecological risk of adding SDF20 
to soil.  In addition, future research should include evaluating the addition of 
SDF20 to forest and desert soils that contain different soil foodweb structures 
and may result in different ecological effects. 173 
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